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PREFACE 


This book is written for the winder and repairman; it will 
be useful also to the design-engineer. It is the first compre- 
hensive presentation of lap as well as wave windings. It con- 
tains new developments in integral-slot, fractional-slot bal- 
anced, and fractional-slot unbalanced lap and wave windings. 


Each chapter gives first the "know how," in order to make 
it possible for the reader to find the answer easily to his par- 
ticular winding problem. This is facilitated by detailed infor- 
mation on coil insulation and a series of tables which show, 
without winding diagrams, all possible series and parallel con- 
nections for all pole numbers between 2 and 30. The end of each 
chapter gives general rules for the layout of windings not list- 
ed in the tables. The "why" is explained in appendices at the 
end of the book, where the reader may find the proof for the 
methods used. 


The integral-slot, balanced fractional-slot, and unbalanced 
fractional-slot lap windings are treated in separate chapters, 
since their layout is based upon entirely different methods. A 
detailed treatment of the balanced and unbalanced fractional-slot 
lap windings is given for the first time on the basis of newly 
developed methods. 


The wave windings are treated in detail for the first time. 
Also these windings are divided into three parts: integral-slot 
and integral plus half-slot windings, balanced fractional-slot 
windings, and unbalanced fractional-slot windings. Newly devel- 
oped layout methods show how to make a fractional-slot wave 
winding balanced in all cases in which the fractional-slot lap 
winding is balanced and how to lay out an unbalanced winding for 
minimum unbalance. In order to facilitate the winder's work, a 
great number of working diagrams are given for all three kinds 
Of wave windings. 


Material is also presented on multi-speed windings, single- 
phase windings, reconnecting windings for changed operating con- 
ditions, and methods for locating faults in windings. 


Brooklyn, N.Y., 
October, 1950 Michael Liwschitz-Garik 
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CHAPTER 1 


CLASSIFICATION OF A-C WINDINGS AND 
SOME FUNDAMENTAL CONCEPTIONS 


The windings considered in this book are those which carry 
alternating current, are embedded in slots, and are not connected 
to a commutator. 


1-1, Coil Group, Coil, Turn, Conductor, and Strand. Each 
winding consists of a number of coils arranged in coil groups, 


and each coil group may have one or more single coils. A coil 
consists of one or more turns connected in series and each turn 
consists of two conductors connected in series by end connec- 
tions. A conductor may be made up of one strand or 2 or more 
parallel strands. 


1-2. One, 2- and 3-Phase Windings. The a-c windings are 
single-phase, 2-phase, or 3-phase, corresponding to the number 


of phases of the lines to which they are connected. In 2- and 
3-phase windings, the slots per pole are divided into 2 or 3 
parts, one part for each phase. The number of slots per pole is 
determined by the total number of slots and the number of poles. 
The latter is determined by the number of cycles and the speed, 


1-3. Cycle and Frequency, A period is the time necessary 
for an alternating electromotive force or current to change from 
one positive maximum to the next following positive maximum. 
During this time, the alternating electromotive force or current 
goes through a complete cycle, i.e., it accepts all possible 
positive as well as negative values, Power lines in the United 
States carry currents of either 60 or 25 cycles per second. In 
Europe,the lines usually carry currents of 50 cycles per second. 
The number of cycles per second is called frequency. 


1-4, Number of Poles, Synchronous Speed. The number of 
poles is determined by the following rule: 


_ 120 x Frequenc “3 
No. of poles “Soced: Un te) (1 1) 


Fig. 1-1 shows a 4-pole rotor of a synchronous machine with 
salient poles. In induction motors and synchronous machines 
with cylindrical rotors (turbo-generators), the poles are not 
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Fig. 1-1. Com lete rotor of a 4-pole synchronous 
machine with salient poles 


obvious mechanically, but, magnetically, they are as _ pronounced 
as in the salient pole machines. Two adjacent poles always have 
different polarities. 


It follows from Eq. 1-1 that: 


Speed (in rpm) = Fear nee (1-2) 


The speed obtained from this equation is called synchronous 
speed. A synchronous’ generator or motor runs with exact syn- 
chronous speed, The actual speed of the rotor of an induction 
motor is somewhat below the synchronous speed. 


The corresponding values of synchronous speed and number of 
poles for frequencies of 60, 50, and 25 cycles are given in 
Table 1-1, shown on Page 3. 


1-5. Slots Per Pole Per Phase, As already mentioned, the 
number of slots per pole for 2-phase or 3-phase windings is 
divided into 2 or 3 parts, respectively. The number of slots per 
pole per phase is, therefore, equal to the number of slots per 
pole divided by the number of phases or to the total number of 
slots divided by the number of poles and by the number of phases, 
The number of slots per pole per phase is an important quantity 
in the layout of a-c windings. The symbol spp will be used for 
this quantity. Thus, 


1 N of slots 


SPP ~ No. of poles x No. of phases (1-3) 


TABLE 1-1. SYNCHRONOUS RPM FOR DIFFERENT NUMBERS 
OF POLES AND DIFFERENT FREQUENCIES . 





1-6. Pole-phase Group. The coils lying in slots which be- 
long to one phase and which are under one pole, i.e., the coils 
lying in spp slots make a coil group which is called a pole- 
phase group. The total number of pole-phase groups of 2-layer 
windings (see Fig. 1-4) is determined by the number of poles and 
the number of phases, i.e., 

No.of pole-phase groups =No. of poles x No.of phases (1-4) 
and the number of single coils per pole-phase group is equal to 
the spp. 


1-7. Pole Pitch, The pole pitch is the distance between 
the middle of 2 poles (see Fig. 1-1). It is equal to the cir- 
cumference of the armature divided by the number of poles, i.e., 


pole-pitch = 2od6_x Dimmeter Of ene armature (1-5) 
In 2-phase windings, the spp is equal to the number of slots ly- 
ing in 1/2 or approximately in 1/2 of a pole pitch and, there- 
fore, a pole-phase group covers 1/2 or approximately 1/2 of a 
pole pitch. In 3-phase windings, the spp is equal to the number 
of slots lying in 1/3 or approximately 1/3 of a pole pitch, and, 
therefore, a pole-phase group covers 1/3 or approximately 1/3 of 
a pole pitch. The 3-phase windings which are an exception to 
this rule are treated in Chapter 9, 


1-8. Coil Pitch - Full-pitch Winding - Fractional-pitch 
Winding. ° The coil pitch is the distance between the 2 sides of 


a coil measured in pole pitches onthe periphery of the armature. 
Fig. 1-2 illustrates this for a 4-pole machine. When the coil 
pitch is equal to a pole pitch, the winding is called a full- 
pitch winding. When the coil pitch is smaller or larger than 





Fig. 1-2. Illustration of a full-pitch 
and a fractional-pitch winding 


the pole pitch, the winding is called a fractional-pitch or a 
chorded winding. The coil pitch is usually smaller than the pole 
pitch. 


1-9, Phase Beginnings. The phase beginnings of the coil 
groups are the ends connected to the lines (or to slip rings in 
wound rotor induction motors). In 2-phase windings, the begin- 
nings of the phases must lie 1/2 a _ pole pitch or approximately 
1/2 a pole pitch apart. In 3-phase windings, the beginnings of 
the phases must lie 2/3 of a pole pitch or approximately 2/3 of 
a pole pitch apart. However, any even number of pole pitches 
can be added to these distances, For example, in a 2-phase 
winding, the 2 beginnings can be (1/2 + 2) = 2 1/2 pole pitches 
apart and, in a 3-phase winding, the second phase can start in a 
slot which is (2/3 + 2) = 2 2/3 pole pitches distant from the 
start of the first phase;and the third phase can start in a slot 
which is 2/3 + 2/3 +2 =3 1/3 pole pitches distant from the 
start of the first phase. The phase beginnings cannot be chosen 


arbitrarily. Rules for their choice are given in the following 
chapters. 


1-10. Classification of A-c Windings. The a-c windings 


can be classified from several points of view. The following 
considerations are of importance: 

1. Single-phase or polyphase. 

2. Single-layer or 2-layer (Figs. 1-3 and 1-4). 

3. Semi-closed slot or open slot (Figs. 1-5, 2-19, 2-22, 


2-27). 
4. Chain or distributed (Figs. 1-6 and 1-7). 





Fig. 1-3. Single-layer winding 





Fig. 1-4. Two-layer winding 
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Wall 


Fig. 1-5. Semi-closed and open stator and rotor slots 





Fig. 1-6. Chain winding Fig. 1-7. Distributed winding 





Fig. 1-8. Mould winding 
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Fig. 1-9. Skein Winding 


Fig. 1-10. Round-end winding 
7 


Beds Google 








Fig. 1-12. Spread-diamond winding 
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Fig. 1-13. Lap winding Fig. 1-14. Wave winding 


5. Method of manufacture. 
(a) Single-phase - hand, mould, or skein winding (Figs. 
1-8 and 1-9) 
(b) Polyphase - round-end, flat-diamond, or spread- 
diamond winding (Figs. 1-10, 1-11, and 1-12). 
6. Round or rectangular wire section. 
7. Lap or wave (Figs. 1-13 and 1-14). 
8. Star or delta. 
9. Full-pitch or fractional-pitch (Fig. 1-2). 
10. Integral-slot or fractional-slot. 


Single-phase motors are generally of small output (usually 
of fractional horsepower) ,and the stators are usually wound with 
chain windings placed in semi-closed slots. The coil sides of 
each coil lie in the same plane,i.e., both coil sides lie either 
at the bottom or at the top of the slot. The coils may be wound 
of round wire on moulds or in skeins and later installed in the 
core slots, as shown in Fig. 11-2 or the coils may be wound di- 
rectly into the core by hand or by semi-automatic machine. The 
rotor of a single-phase motor has usually a squirrel-cage wind- 
ing. 


Polyphase motors usually have 2-layer windings. The 2 coil 
sides of each coil lie in different planes, i.e., one coil side 
lies at the bottom of the slot,the other at the top of the slot. 
The smaller motors (up to a bore diameter of approximately 16") 
have semi-closed slots with coils of round wire fed into the slots 


through the slot openings. The coils are usually round-end or 
flat-diamond. The larger motors have open slots and use pre- 
formed diamond windings of either round wire or rectangular wire, 
the trend being to rectangular wire for all large motors. Nor- 
mally, lap windings are used in polyphase stators, but some wave 
windings also have been made. Wave windings are generally used 
in the rotors of wound rotor induction motors. 


While the chain windings of single-phase motors consist of 
coils of different spans, the 2-layer windings of polyphase 
motors consist of coils of equal span. In single-phase motors, 
part of the coils have a span nearly equal to the pole pitch 
and part of the coils have a span much smaller than the pole 
pitch. In polyphase motors, the coils have equal spans, but, as 
mentioned previously, the span must be equal to or less than the 
pole pitch, i.e., they may be full-pitch or fractional-pitch. 


Most polyphase induction motors have integral-slot wind- 
ings, i.e., the number of slots per pole per phase, spp, is an 
integral or whole number. In this case, all pole-phase groups 
of the winding have an equal number of single coils. 


The statements made above about the windings of polyphase 
motors apply also to the stator windings of synchronous motors 
and generators. However, synchronous motors and generators with 
a large number of poles usually have fractional-slot windings, 
i.e., the number of slots per pole per phase, spp, is a frac- 
tional number, In this case, the number of single coils is not 
the same for all pole-phase groups of the winding. In the fol- 
lowing chapters, the different kinds of windings will be treated 
in detail. 
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CHAPTER 2 
TYPES AND INSULATION OF POLYPHASE WINDINGS 


The polyphase windings are usually wound in 2 layers, i.e., 
in each slot there are 2 layers of conductors separated from 
each other (Fig. 1-4). These windings can be divided into 2 
broad classes, lap windings (Fig. 1-13) and wave windings (Fig. 
1-14). In both cases, all coils have the same span. In the lap 
winding, there is usually one coil side in each layer, while in 
the wave winding the number of coil sides in each layer can be 
larger than one. The _ total number of coils in the lap winding 
is, therefore, equal to the number of slots while in the wave 
winding, it can be larger than the number of slots. The lap 
winding is used in the stators of polyphase induction motors and 
synchronous machines. It is also used in the rotors of the 
smaller induction motors with wound rotors. The wave winding is 
used mainly in the rotors of the larger induction motors with 
wound rotors. In the following, the lap winding will be con- 
sidered first, followed by the wave winding. 


A. LAP WINDINGS 


Three factors are important in the consideration of poly- 
phase windings. These are: the number of poles, the number of 
phases, and the number of slots. The number of slots determines 
the number of single coils. The number of poles multiplied by 
the number of phases determines the number of pole-phase groups 
(Eq. 1-4). Consequently, the number of slots divided by the num- 
ber of pole-phase groups determines the numberof slots per pole- 
phase group, or spp, i.e., 


No. of slots per _ .,, = No, of slots (2-1) 
pole-phase group ~ PP - No. of poles x No. of phases 


For example, a 4-pole, 3-phase stator with 48 slots has 
48 single coils, 
4 x 3 = 12 pole-phase groups, and 





7-385 = 4 slots (single coils) per pole-phase group = spp. 


While the number of pole-phase groups is always an integer,i.e., 
a whole number, the number of slots per pole-phase group may be 


11 


either an integer or a fractional number. In the latter case, 
the number of slots (single coils) is not the same for all pole- 
phase groups. 


2-1. Types of Lap Windings. There are 3 common types of 
lap windings: 


Round-end winding (Fig. 1-10). 

Flat-diamond winding (Fig. 1-11). 

Pulled or spread-diamond winding (Fig. 1-12). 
The first two are used in smaller motors with semi-open slots 
and round wire. They are mush wound. The third type is used in 
medium-sized,and larger machines with semi-closed and open slots 
and round as well as rectangular wire. Coils with rectangular 
wire are always pulled or spread coils. 


(a) Round-end Winding. The coils of this winding are wound 
on a mould. If a gang mould, as shown in Fig. 2-1, is used, all 
coils of a pole-phase group can be made in succession with a 


‘ Ne a 
‘ a 
= i. os . a 


rr, 





Fig. 2-1. Gang mould for round-end coils 


single conductor, which may consist of one or more parallel 
strands. The perimeter of the mould is best determined by a 
trial with asingle strand of wire looped around the stator teeth 
in the same position that the finished coil is to occupy. In- 
stead of a mould, wire finishing nails driven into the bench can 
be used to wind round-end coils. The wires are fed into the 
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slots through the slot openings one or two at a time. Guides to 
cover the sharp edges of the slots may be necessary while feeding 
the wires into the slots. 7 

(b) Flat-diamond Winding. As in the case of the round-end 


winding, this winding can be wound on a gang mould (Fig. 2-2a), 
using one continuous wire for each pole-phase group. The wire 





Fig. 2-2a. Gang mould tor flat- 
diamond coils. 


may consist of one or more strands 
and may be fed through the slot 
openings, using guides to protect 
the wiré insulation from being in- 
jured by the sharp edges of the 
teeth. The flat-diamond coils are 
also wound automatically, using a 
6-rod shuttle as shown in Fig. 
2-2b. 





Fig. 2-2b. 6-rod shuttle for 
winding flat-diamond coils 


The dimension min Fig. 2-2c of the flat-diamond coil is 
important; making it too small gives a winding which is too 
tight, whereas making it too large decreases the distance be- 
tween winding and end brackets. The radius r at the diamond 
points and other bends is usually 1/4". The coil thickness h is 
the thickness of the center block of the mould on which the coil 
is wound; it is approximately 40% of the depth of the slot. 
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Fig. 2-2c. Flat-diamond coil 


(c) Pulled or Spread-diamond winding. Coils of this kind 
are first wound into loops and then formed bya puller or spread- 
er. The loop is wound around 2 rods (Fig. 2-3a), or on an ad- 
justable shuttle (Fig. 2-3b). In Fig. 2-3c,(a) is the starting 
lead, (b) the finishing lead, (c) the bottom slot section, and 
(d) the top slot section. 





Fig. 2-3a. 2-rod fixed Fig. 2-3b. 2-rod adjustable 
shuttle for winding shuttle for winding 
spread-diamond coils spread-diamond coils 
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Left hand coil 


(b) 


Right hand coil 


Fig. 2-3c. Pulled or spread coil 


2-2. Throw Coils. Consider Fig. 2-4 which represents a 4- 


pole, 3-phase winding with 24 slots and 


a coil span equal to 5 


slot pitches (1-6). The winder will place first the bottom coil 


side of coil lin the bottom of slot l, 


coil side of this coil outside slot 20, 
he cannot put this coil side in the top 
is not yet a bottom coil side. The same 
2, 3, 4, and 5, leaving the top coil 

resting on the core. Starting now with 
side will be placed in the bottom of 


but will leave the top 
resting it on the core; 
of slot 20, since there 
will be done with coils 
sides for slots 1 to 5 
coil 6, the bottom coil 
slot 6 and the top coil 


side in the top of slot 1, which has already a bottom coil side. 
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Fig. 2-4. 4-pole, 3-phase winding with 24 slots 
Throw-up (top-to-bottom) winding 


Progressing in the same way, the coils 7, 8, 9, etc. will be 
placed in their respective slots, filling out the bottom of the 
slots 7, 8, 9, etc. and the tops of slots 2, 3, 4, etc., until 
the winding reaches slot 24. When the bottom coil side is placed 
in slot 24, the top coil side is placed in the top of slot 19. 


15 


Now the top coil sides of coils 1, 2, 3, 4, and 5 which rested 
on the iron can _ be placed in the top of slots 20, 21, 22, 23, 
and 24. 


The first coils 1 to 5 are called throw coils. The number 
of throw coils is equal to the coil span expressed in slot 
pitches. In Fig. 2-4 the coil span is equal to 5 slot pitches 
(1-6) and therefore the number of throw coils is equal to 5. The 
method of winding shown in Fig. 2-4 is called throw-up or top- 
to-bottom winding. The throw-up connection is used for pulled 
coils as well as for round-end and flat-diamond coils. Fig. 2-5 
shows the throw-down or top-to-top and bottom-to-bottom winding. 
In this case, both coil sides of the throw coils are placed in 
the bottom of the slots, i.e., coil 1 is placed in the bottoms 
of slots 1 and 20, coil 2 in the bottoms of slots 2 and 21, and 
so forth. Then starting with coil 6, the coil sides go from the 
bottom to the top, as in the case of the throw-up winding. After 
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Fig. 2-5. 4-pole, 3-phase winding with 24 slots. 
Throw-down (top-to-top or bottom-to-bottom) winding 


the last bottom coil sides 15, 16, 17, 18, and 19 are placed in 
the bottoms of the slots 15, 16, 17, 18, and 19, there remains 
open the tops of slots 15 to 24 to be filled by the last 5 coils 
- 20, 21, 22, 23, and 24, which are top-to-top coils. 


The throw-down connection is used only for the round-end 
and flat-diamond winding, but not for the pulled winding. It is 
especially convenient for two-pole motors, where the span is 
large with respect to the diameter and the large number of throw 
coils interferes with the winding process. 
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2-3. Straight-up Wound Pulled Coils and Cross-over Pulled 
Coils. When the wire space of the shuttle widthwise is filled 


only by one conductor or, in general, when there is only one con- 
ductor in the width of the slot, each succeeding turn is built 
up on top of the preceding one, making a "straight-up" wound 
coil. When the number of conductors in the width of the slot is 
larger than one, as for example in Fig. 2-6, the wire crosses 
over itself in going from the finish of one layer to the start 
of the next. In Fig. 2-6, each layer contains 4 conductors. 
Turn 1 in the first layer is the starting lead, and turn 16 of 
the fourth layer is the finishing lead. A cross-over occurs in 
going from turn 4 to turn 5, from turn 8 to turn 9, and from 
turn 12 to turn 13. For mechanical reasons, more than for elec- 
trical ones, the end cross-overs must be insulated during the 


riatehing “3G 
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Fourth Layer 
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Fig. 2-6. Cross-over coil 


winding. Furthermore, attention must be paid to the fact that 
in cross-over coils the voltage between neighboring turns is 
higher than in straight-up wound coils. In a straight-up wound 
coil, the peak value of the voltage between two adjacent con- 
ductors is equal tothe maximum voltage of one turn, i.e., to the 
phase voltage multiplied by V2(= 1.414) ,and divided by the nun- 
ber of series turns per phase 

Maximum voltage per turn = See Tree one (2-2) 
It must be remembered that in the 3-phase star connections, the 
phase voltage is equal to the line voltage divided by V3(= 1.731} 
in 3-phase delta connections, the phase voltage is equal to the 
line voltage. The number of series turns per phase is 
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Series turns No, of coils x Turns 


At (2-3) 
per phase No.of phases x No.of parallel circuits 
(No.of par- 


allel circuits = One, for the series connection) 

Consider now Fig. 2-6. The voltage between turns 1 and 2, or 2 
and 3, or 4 and 5, is that of one turn, just as in the straight- 
up wound coil; the voltage between turns 3 and 6 is 6 - 3 = 3 
times the voltage of one turn, and the voltage between the first 
turn of the first layer (turn 1) and the finishing turn of the 
second layer (turn 8) is 8 - 1 = 7 times the voltage of one turn. 
To meet these higher voltages between adjacent turns, either 
heavier wire insulation or insulation strips between the single 
layers may become necessary. 


Cross-over coils can be sectionalized, i.e., a number of 
single conductors are wound straight up, in sections, the sec- 
tions separately insulated and then connected in series. Fig. 
2-6a shows a 2-section cross-over coil with 10 turns arranged 


Insulation 
Top Coil 
Half 
Starting Lead 
lst Section 


Bottom 
Coil Half 


Starting Lead 
2nd Section 


COOOE 


Finish Lead 
2nd Section 


Finish Lead 
Ist Section 


OOOO) 
SOBQO 


Crossover fron 5 to 6 


Fig. 2-6a. Two-section cross-over coil 
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2 wide by 5 deep. The 2 sections are side by side, and each 
section is insulated separately. Both sections are connected by 
connecting the finishing lead of the first section with the 
starting lead of the second section. The connection is made at 
the diamond point of the coil with a soldered sleeve joint, and 
the finishing lead is bent across the nose of the coil. The 
voltage between sections, at any point, is equal to the volts 
per turn multiplied by the turns per section, since between any 
pair of conductors, for example, the conductors 3 and 8, there 
is always the total number of turns of the section. Sectional- 
ized cross-over coils are used when the number of turns of the 
coil is large and the width of the slot is large in comparison 
to its depth. 


2-4. Stranding of Rectangular Conductors in Spread Coils. 
Conductors of large cross-section normally are divided into 


strands for mechanical as well as for electrical reasons. The 
mechanical reason is to make the coil flexible, i.e., easy form- 
ing. The electrical reason is to avoid parasitic currents in 
the conductors which increase the heating of the copper. These 
parasitic currents are due to the following: the current which 
flows in the conductors causes a magnetic flux across the slots 
going from one slot wall to the other (Fig. 2-7). Since this 
flux is produced by an alternating current, it changes its magni- 


—_ em em ew eee eo ee ow a a ao ow om w thy 





Fig. 2-7. Magnetic flux Fig. 2-8. Parasitic currents 
across a slot. in the conductor 
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tude and induces emf's and currents in the copper, as indicated 
in Fig. 2-8. It can be seen from this figure that nothing will 
be changed in the parasitic currents if the stranding is made 
parallel to the slot walls (Fig. 2-9). Stranding for electrical 





Fig. 2-9. Stranding parallel Fig. 2-10. Stranding 
to slot walls. perpendicular to slot 
This stranding walls, This strand- 
is not effective. is effective. 


reasons is effective only if it is made perpendicular to the 
slot walls, i.e., the stranding of the conductors of Fig. 2-7 
should be made as shown in Fig. 2-10. 


When conductors are _ stranded for electrical reasons, the 
individual strands must be insulated. In the arrangement shown 
in Fig. 2-11, only a part of the strands are insulated. This 
figure shows a slot with 6 conductors, each conductor consisting 
of 8 strands. The narrow strands are bare, having the same 
height as the wide strands with insulation; (this arrangement is 
commonly known as the brick winding). The additional copper 
losses‘ due to the parasitic currents are proportional to the 
height of the conductor, to the height of each strand, and to 
the frequency of the line current. The thickness of the strands 
is made as small as practical. 

Fig. 2-12 shows different ways of dividing a conductor into 


2 strands. In Fig. 2-12 the strands are arranged widthwise; in 


. Electric Machinery, Liwschitz-Garick and Whipple, Vol. I, pp.231-236., 
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Fig. 2-11. 





Narrow strands are 
bare copper as thick 
strands 


Brick winding 


Fig. 2-13 they are arranged depth- 
wise. There are 3 conductors in 
the coil side. From a mechanical 
point of view, preference should 
be given to the arrangements 
shown in Fig. 2-13a and 2-13b. 
From an electrical point of view, 
the arrangement of Fig. 2-12b and 
2-13b will have the smallest ad- 
ditional losses due to parasitic 
currents. 


2-5. Starting and Finishing 
Lead. In winding spread coils, 
the starting lead, i.e., the lead 
first fastened to the shuttle when 
starting to wind the coil, is al- 
ways brought out from the center 


2 
C 


cA 
cA 


(c) 


Fig. 2-12. phrhatde h pays of 
a conductor in strands 
nivier Ue widthwise, 
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Fig. 2-13. Different 
ways of dividing a 
conductor in 2 

strands depthwise 


of the loop, while the finishing lead is brought out from the 
top of the loop. Both leads are brought out at the end of the 
loop. 


Left-hand and Right-hand Coils. Arrangement of Leads. With 
respect to the position in the slot, the coil section which lies 


nearest the air gap is called the top coil side, while the other 
coil section which lies at the bottom of the slot is called the 
bottom coil side. When the winder faces the lead end of the 
stator and the top coil sides are at his left, the coils are 
designated as left-hand coils, otherwise, they are designated as 
right-hand coils. Only left-hand coils will be considered in 
this book (see Fig. 2-3c and Fig. 6-1). 


Two lead arrangements are possible: leads may be on the 
top at the diamond (Figs.2-l4a and 2-14b) or leads may be on 









Air Gap 


Finishing 


Starting 


Fig. 2-l4a. Left-hand coil with leads on top 


the bottom at the diamond (Fig. 2-15a and 2-15b). The leads are 
on the left when spreading. If, when spreading, the leads are 
on the bottom, the lead arrangement (Fig. 2-l4a) will result; ‘on 
the other hand, if, when spreading,the leads are on the top, the 
lead arrangement (2-15a) will result. Figs. 2-l4a to 2-15b show 
the main lead arrangements, namely, leads on top and leads on 
bottom. In Figs. 2-14b and 2-15b, the leads are brought straight 
out. The leads also can be bent away from the gap (Fig. 2-16). 
Further, the starting lead can be free or fastened to the nose 
of the coil. 
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Starting Lead 


Fig. 2-14b. Leads on top. 


Straight-out leads are used in windings for low voltages 
(up to 600 volts), or where ample space is available between the 
coil ends and the end bells. With the leads on the bottom (Fig. 
2-15a), the leads are farther away from the air gap. For higher 
voltages, the lead arrangement (Fig. 2-16) with bent leads at 
the top is preferred, since it permits a safe fastening of the 
leads to the nose of the coil. 





Air Gap 





Starting Lead 





Finishing Lead 


Fig. 2-l5a. Left-hand coil with leads on bottom 
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Fig. 2-15b. Leads on bottom. 





Starting Lead Ly 


Finishing Lead 


Fig. 2-16. Leads bent away from gap 


2-6. Insulation of Conductors, Slots, and End Windings. 
The different kinds of insulating materials used in electric 
machines are divided into 3 classes specified by AIEE on the 
basis of NEMA standards. Recently a fourth class has been added 
on a trial basis. These 4 classes are given in Table 2-1. The 
same table contains the limiting temperatures which cannot be 
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exceeded without impairing the life of the material. A guide 
for stator rewinding material is shown in Table 2-9, 


In the following, the conductor insulation, strand insula- 
tion, ground insulation, end-winding insulation, and binder in- 
sulation, will be considered. 


Conductor Insulation, On round and small rectangular or 
square wire, the conductor insulation is applied before the coil 
has been formed; on straps or large rectangular or square 
conductors the insulation is applied after the coil has been 
formed, or in the process of forming the coil, The materials 
used for conductor insulation are given in Table 2-2, Tables for 
bare and insulated round, Square and rectangular copper wire are 
given at the end of the book. 


The thickness of the conductor insulation depends upon the 
voltage between turns (see Art 2-3). In general this voltage 
should not exceed 12 volts for SCC, SFG or enamel, and 25 volts 
for DCC, DFG or SCE. When the turn voltage is greater than 25 
volts, but less than 40 volts, either TCC or TFG can be used, 
or a certain amount of insulation can be added to the normal DCC 
or DFG conductor insulation resulting in a conductor insulation 
equivalent to TCC or TFG. This additional insulation can be 
either cotton or glass tape, or paper or mica strips applied 
throughout the coil. For values of turn voltage greater than 
40 volts, the trend is to use additional insulation in the form 
of mica tape. For values up to 70 volts one serving of mica 
tape half lapped is used and for values up to 120 volts, two 
servings of mica tape are used. 


Strand Insulation. When conductors with larger cross sec- 
tion are stranded (see Art. 2-4),the strand insulation is cotton, 
asbestos, or glass, with a _ thickness of 0.008" to 0.010" for 
both sides. 


Ground Insulation. This is the insulation applied to the 
slot portion of the coil. It serves to prevent the breakdown of 
the insulation to ground (core iron) and must, therefore, have 
sufficient dielectric strength. The materials used for ground 
insulation are given in Table 2-3. The ground insulation will be 
considered separately for semi-closed and for open slots. 
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Ground Insulation of Semi-closed Slots. Some arrangements 
of ground insulation, i.e., of cell and seal at the slot opening 
for semi-closed slots, is shown in Fig. 2-17. The thickness of 
the cell is 0.020" to 0.030". Fishpaper and varnished cloth are 
often used as cell material for Class A insulation, the cloth 
being cemented to the fishpaper and the latter laying outside 
against the iron. Combinations of mica and fishpaper, or mica 
and glass cloth,are used for Class B insulation,the mica usually 
being protected on both sides. Combinations of glass and mica 
treated in silicone varnishes are used for Class H insulation. 


In order to prevent tearing the edges of the cells, a sel- 
vage of thin Scotch tape or cotton tape is applied to each edge 
of the cell. For this purpose, the cell material is cut into 
long strips as wide as the length of the cell, and the selvage 
is put on both edges of the strip, which is then cut into pieces 
of proper width. 


In the arrangement Fig. 2-17a used for small motors, the 
wedge consists of cell material or paper;in Figs.2-17b and 2-17c, 
the wedge is made of wood, giving a tighter seal than that of 


A A A A 
a b C d 
Fig. 2-17. Arrangements of slot (ground) 
insulation for semi-closed slots 


Fig. 2-l17a. Fig. 2-17d is a combination of Fig. 2-17a and Fig. 
2-17b and is used for windings of higher voltages (up to 600 
volts) exposed to dirt. The strip in the middle of the slot of 
Figs.2-17a to 2-17d is used to separate the upper coil side from 
the lower. 
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Ground Insulation of Open Slots. Contrary to the windings 
in semi-closed slots where the ground insulation is not a part 
of the coil, the ground insulation of windings in open slots is 
applied directly to the coils and is a part of the coil. It con- 
sists of a wrapper of which the material and number of turns de- 
pend on the voltage. Before spreading the coil, a temporary 
binder must be applied. This binder has 2 functions: it binds 
the conductors tightly together to obtain the proper shape of 
coil; and it protects, mechanically, the strand or conductor in- 
sulation. This binder is usually 0.005" to 0.010" thick and is 
applied without lap or with space between turns. After spread- 
ing, the coil is then impregnated with varnish for voltages be- 
low 3500 volts or with asphalt for higher voltages. The varnish- 
impregnated coils are drained after dipping and then baked in an 
oven with forced ventilation for 6 to 10 hours at 115 to 120° C. 
Class H coils impregnated with silicone varnish are baked in 
high temperature forced ventilation ovens in temperatures ranging 
from 165 to 250° C. One dip is applied for voltages below 1200 
volts, and 2 dips for voltages between 1200 and 3500 volts. The 
asphalt impregnation occurs under vacuum and pressure. 


The material of the wrapper, its thickness, and number of 
turns for the different voltage and insulation classes are given 
in Table 2-4. For 11,000 and 13,200 volts, no wrapper is used. 
Instead, a continuous mica tape is applied over the slot portion 
as well as over the end windings to build up a wall thickness of 
0.145" and 0.190", respectively. Then, an over-all binder of 
0.010" or 0.015" glass tape or asbestos tape is used. Special 
varnishes to minimize the effects of corona are applied to the 
slot portions for high voltage coils. 


End-winding Insulation. The end-winding insulation is 
usually applied in the form of tape. The materials used for the 
end-winding insulation are given in Table 2-5. The end windings 
of mush coils are either taped in the process of inserting the 
coils into the slots or are left untaped. In the former case one 
layer of 0.007" thick cotton tape can be applied for Class A in- 
sulation, 0.007" to 0.010" thick glass tape or glass and mica 
tape for Class B insulation,and 0.007" to 0.010" thick glass tape 
or glass and mica tape silicone treated for Class H insulation. 
When the coils are untaped, triangular pieces of treated cloth 


27 


are inserted between all coil ends or at least between the coils 
belonging to different phases. 


The end windings of coils in open slots are taped in one or 
several layers, depending upon the voltage. For Class A insula- 
tion, cotton tape or bias-cut varnished cloth tape is used; for 
Class B insulation,mica tape is applied; and for Class H insula- 
tion silicone glass mica tape is applied. The number of layers 
of the material and its thickness are given in Table 2-6, For 
11,000 and 13,200 volts, the end-winding insulation is the same 
as the ground insulation. 


Finishing and Varnishing the Coils. To finish mush coils, 
2 to 4 coats of varnish are applied to the wound stator, depend- 
ing on the class of insulation and voltage. Each coat is baked 
on. Care must be taken that the varnish penetrates the coils at 
the ends as well as in the slot portions. 


Coils in open slots get a finishing tape before the varnish 
treatment is applied. The material and thickness of the tape, 
as well as the number of dippings in varnish, are given in Table 
2-6. Draining and baking follow each dipping. 


Lead Insulation. While winding mush coils, tubing or 
sleeving is applied to the leads. For Class A insulation, the 
material is cotton saturated with varnish. Glass sleeving is 
used for Class B insulation and glass sleeving silicone-treated 
is used for Class H insulation. The tubing or sleeving begins 
1 1/2" to 2” within the coil. In group (gang) wound coils, tub- 
ing or sleeving also has to be applied to the cross-overs. In 
a 2-coil group, for example, 3 tubes or sleeves are necessary. 
On cross-overs, tape is usually wrapped on top of the tubing or 
sleeving. The starting and finishing ends of a pole-phase group 
usually serve as jumpers from group to group and must be made 
long enough to be used for this purpose. Their length should be 
equal to sn + 2 inches, where D' is the diameter at which 
the leads lie, and p the number of poles. 


The leads of coils in open slots are either tied to the 
coil-or left loose. At higher voltages, attention must be given 
to the starting lead, since it crosses the diamond point. When 
the leads are tied to the coil, strips of insulating material 
are placed between the leads and coil. Up to 600 volts, a piece 
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of 0.010" treated material is used under the starting lead. At 
voltages from 600 to 2500 volts, one- strip of mica and fish- 
paper, 0.012" to 0.015" thick, is placed under each lead. At 
voltages from 2500 to 6600 volts, 2 strips of 0.012” to 0.015” 
mica and fishpaper are applied to each lead. For Class H insula- 
tion, silicone-treated mica tape is used to protect the starting 
lead in the diamond point of the coil. In all cases, the leads 
must be firmly tied to the coil by a cord or tape and insulated 
with the same material and at the same time as the end windings. 
The number of layers or servings is 2 for voltages up to 2500; 
3 for voltages from 2500 to 4500 volts; and 4 for voltages from 
4500 to 6600 volts. 


When the leads are loose,tubing or 0.007" cotton tape half- 
lapped can be used for voltages up to 600 volts. For voltages, 
600 to 3500 volts, 3 layers of half-lapped 0.010" bias-cut 
treated cloth tape, plus one layer of half-lapped 0.007" cotton 
tape, can be used. For voltages 3500 to 4500 volts, 4 layers 
have to be used, and for voltages 4500 to 6600 volts, 6 layers 
of the same material as before, plus one layer of 0.007" cotton 
tape, half-lapped. For Class B insulation, 0.006" mica tape in- 
stead of treated cloth, and 0.007" glass tape instead of cotton, 
have to be applied. For Class H insulation, 0.004” silicone 
glass mica tape and 0.007" silicone glass tape have to be used. 
In open-slot coils, éither all leads have standard length (3" 
beyond the edge of the coil) and cables are used for. jumpers, or 
the leads are made long enough to be used for jumpers. In the 
latter case, one half of the coils belonging toa phase have long 
starting leads and 3" long finishing leads, while the other half 
of the phase coils then have long finishing leads and 3" long 
starting leads. This arrangement saves copper. The length of 
the jumper must be equal to 1am + 3" where D' is the diameter 
at which the leads lie. If cable is used for jumpers, then the 
length of the cable must be —— + 3". 


Insulation of Stub Connections, Jumpers, and Tie-rings. In 
larger machines, the end windings must. be braced in order to 
avoid distortion which may be produced by large currents (short- 
circuit current in a generator, starting current in a motor). 
For this purpose, one or two rings are placed on the end wind- 
ings, and the latter tied to the ring (or rings) by twine. The 
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ring must be insulated and the insulation applied is the same as 
for stub connections and jumpers. The ‘thickness of the insula- 
tion depends upon the voltage. It is 0.040" for voltages up to 
600 volts; 0.060" for voltages 600 to 2500 volts; 0.070" for 
voltages 2500 to 3500 volts; 0.080" for voltages 3500 to 4500 
volts; 0.100" for voltages 4500 to 6600 volts; 0.140" for volt- 
ages 6600 volts to 11,000 volts; and 0.160" for voltages 11,000 
to 13,200 volts. The insulation for Class A consists of one 
layer of 0.007" cotton tape half-lapped, of a number of layers 
(corresponding to the voltage) of 0.010" black bias-cut varnished 
cloth tape 1" wide, and of a finishing layer of 0.007" cotton 
tape (half-lapped). For Class B insulation, 0.006" mica tape is 
to be used instead of the varnished cloth tape, and 0.007” glass 
tape instead of cotton. For Class H insulation, silicone glass 
mica tape and silicone glass tape are to be used instead of the 
conventional mica and glass tapes. Before applying the insula- 
tion, the metal must be cleaned and brushed with a good baking 
varnish, The first layer of insulation has to be applied while 
the varnish is wet. Varnish has to be applied after each layer. 
The finished insulation must get the same number of coats as the 
insulated coils get (see Table 2-6). 


Mechanical Clearances. An important factor for windings of 
electric machines is the creepage distance, i.e., the distance 
which a current must creep across insulation or through the air, 
or through a space filled with dirt, in order to produce a fault 
to ground or to another phase. The clearances for semi-closed, 
as well as for open slots, are given in Table 2-7. The signifi- 
cance of the letters A, B, etc., can be seen from Fig. 2-18. 
Except in small motors for low voltages, the top cell (or wrap- 
per) is longer than the bottom cell (or wrapper).. In the last 
column, the distances between the end windings of neighboring 
coils are given for different voltages. These distances are 
necessary with respect to the air flow between the end windings. 
The higher the voltage is, the heavier is the insulation, and 
the more air is necessary to carry away the heat developed in 
the conductors. 
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Fig. 2-18. Creepage distances or mechanical clearances 


B. WAVE WINDINGS 


Wave windings are usually used in the rotors of wound rotor 
induction motors. Sometimes they are used in the stators also. 
However, in this discussion, the wave windings will be described 
from the viewpoint of rotor application. 
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2-7. Insulation of Slots and End Windings. The lap wind- 
ings considered previously and also the wave windings considered 
here are 2-layer windings. The conductors are made up of straps 
with one turn per coil, open at the front end (Fig. 2-20). The 
number of conductors per slot per layer may be one or more than 
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Fig. 2-19. Different conductor arrangements in 
rotors with wave windings 





one. Fig. 2-19 shows the arrangement for 1 to 4 conductors per 
slot per layer. Since each conductor pair represents a coil, the 
number of coils of the wave winding is equal to the number of 
conductors per slot per layer times the number of slots. In the 
lap winding,the number of coils is equal to the number of slots. 


The slots are semi-closed. Since the coils are inserted 
through the slot openings, the latter must be at the side of the 
slot when the number of conductors per layer is 2. The con- 
ductors of the lower layer are placed in the slot first. The 
order in which the conductors of the lower and upper layer are 
put into the slot is indicated by the number 1-2, 1-2-3-4, etc., 
in Figs. 2-19 and 2-20. While the upper conductors are inserted 
into the slot, their lower conductors already lie in another 
slot which is a pole pitch or approximately a pole pitch apart 
from the slot in consideration. 


The coils lying side by side in each layer are connected in 
series. Their ends are joined by clips in the form of a figure 
8. The laying out of wave windings and their connection diagrams 
will be discussed in Chapters 6, 7, and 8. Only the insulation 
of the wave windings will be described here. 
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Fig. 2-20. One-turn wave winding 


Ground and End-winding Insulation. The ground insulation 


of a wave winding consists of a wrapper on the slot portion and 
of tape on the end windings. The material used, its thickness, 
and number of layers are given in Table 2-8. The treated cloth 
tape on the end windings is half-lapped. The finishing tape is 
spaced on the slot portion and half-lapped on the end windings. 
If the wrapper material has grain, the latter must run parallel 
with the length of the wrapper. 


The materials specified in Table 2-8 refer to Class A in- 
sulation. For Class B insulation, mica on a paper base is used 
for the wrapper and mica tape for the end windings. Mica tape 
is also used as ground insulation instead of the wrapper in some 
cases. For Class H insulation, silicone mica glass is used for 
the wrapper and silicone glass mica tape can be used for ground 
insulation on the slot portion and also for the end windings. 
The finishing insulation for ClassAis 0.007" half-lapped cotton 
tape on the end windings, and butt-lapped on the slot portion. 
The finishing insulation for Class B is glass tape treated in 
ordinary varnish and, for Class H insulation, the finishing tape 
is silicone glass tape. Additional insulation has to be provided 
for the phase coils. 
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The varnish treatment of the coils consists of one dipping 
and baking for voltages below 1200 volts, and 2 dippings and 
bakings for voltages higher than 1200 volts. The wound rotor, 
for all voltages, must get one additional dipping and baking and 
then a spraying with an air drying varnish. The baking time is 
4 to 6 hours at 110° C for the coils, and 12 to 36 hours (de- 
pending on the diameter) at 115 to 125° C for the wound rotor 
with Class A or Class B windings. Temperatures of 165 to 250° C 
are to be used for wound rotors having Class H windings. 


Before putting the coils into the slots, fishpaper cells, 
0.010" to 0.015" thick, are inserted into the latter, depending 
on the available space. The cells should project about 2” above 
the iron, in order that the projecting parts of the cells be 
flexible. A fiber strip is placed in the bottom of the slot be- 
tween iron and cell to prevent the cell from being damaged by 
high laminations or burrs during the processof winding and while 
pressing the coils against the bottom of the slot by the wedges. 
The fiber strip should be 1/2" longer than the core. For Class 
B coils, fishpaper cells are also used in the slots before in- 
serting coils. However, a canvas base bakelite strip is used at 
the bottom of the slot instead of the fiber strip used in Class 
A windings. For Class H insulation, it is preferable to omit a 
slot liner, but if one is used it must be of silicone-treated 
mica and glass. The insulation at the bottom of the slot must 
be mica or melamine. 


Separation of Upper and Lower Layer. A fiber strip, for 
Class A windings,has to be placed between upper and lower layers 
in the slot portion which goes from the bend on one side of the 
rotor to the bend on the other side. The separator between the 
upper and lower layers in the end windings consists of 2 or more 
strips of treated duck cloth, each about 0.030" thick, or of 2 
or more strips of varnish-treated asbestos cloth, each about 
0.045" thick. The width of the lower strip must be such as to 
cover the space between the clip on the coil end and the end of 
the fiber strip between the layers in the slot portion. Each 
successive strip is narrower in order to provide a solid bed for 
the end bands. The strips between end windings are important 
not only with respect to banding, but also for the insulation 
between upper and lower coil ends which cross one another, For 
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Class B windings a canvas. base bakelite material is to be used 
between upper and lower layers in the slot portion and a treated 
glass or asbestos cloth between upper and lower layers in the 
end windings. For Class H insulation the material to be used 
between upper and lower layers in the slot portion must be mela- 
mine. The separators between upper and lower layers in the end 
windings consist of two or more strips of silicone glass or 
silicone-treated asbestos cloth. 


Clip Insulation. In order to connect the coils in series, 
connections between the upper and lower layers have to be made. 
When the copper strap is heavy, spacers of tinned copper are 
driven between the layers of the leads after the copper clips 
have been slipped over then. When the copper strap is light, 
the clips are squeezed together in the middle in the form of a 
figure 8,forcing the upper and lower straps away from the middle 
of the clip. The clips are soldered. All clips must be tight- 
ened with wooden wedges before soldering in order to get a 
tight joint between leads. The wooden wedges can be removed af- 
ter the excess of soldering metal either has been machined off 
or wiped off in the process of soldering. The insulation of the 
clip consists of two or more caps or bags of 0.017" muslin, de- 
pending upon the voltage between the slip rings and space between 
adjoining clips. The clip insulation has to be applied before 
banding. For Class H windings the clips must be soldered with a 
high-temperature solder or brazed. The insulation of the 
clips will consist of caps or bags of silicone-treated glass 
cloth. In some cases silicone glass mica tape and silicone glass 
tape can also be used for clip insulation. 


Support Insulation. The end windings rest on supports which 
must be insulated. Treated fuller-board held in position by 
cotton tape is used for Class A windings. In some applications 
bias-cut varnished tape and cotton tape is also used. For Class 
B windings, treated asbestos cloth held in place with glass tape 
or asbestos tape is used. For Class H windings the insulation 
would consist of silicone glass cloth or silicone mica-glass held 
in place by silicone glass tape. 


Mechanical Clearances. The mechanical clearances must be 
the same as for the lap windings (see Art. 2-6). The creepage 
distance must also be sufficient with respect to the supports. 
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Wedges. After inserting the conductors, the slot cells or 
troughs are trimmed, leaving enough length for an overlap on the 
top of the coils. A fiber strip is then put above the cell which 
serves as a Slide for the wedges. The wedges consist usually of 
two or more pieces which are driven in from each end of the 
rotor. The wedge material is fiber or canvas base bakelite. The 
wedges for Class B windings are made from canvas base bakelite 
or glass base bakelite,whereas the wedges for Class H insulation 
are made from melamine. The dimensions of the wedge depend upon 
the weight of the copper in the slot, i.e., upon the slot dimen- 
sions, Figs. 2-2la, b, and c show the usual wedge shapes. The 
corresponding Table 2-10 gives the wedge dimensions (in inches) 





Fig. 2-21. Slot wedge shapes 


for the different slot widths. The wedge should be longer than 
the slot by 1/2" to 3/4" depending upon the thickness of the 
wedge. 


Banding of the End Windings. Special attention must be paid 
to a proper banding of the end windings since they are subject 
to centrifugal forces. Usually steel wire is used witha diameter 
of 0.029" for rotor diameters up to 10"; 0.045" for rotor diame- 
ters 10" to 15"; 0.064" for rotor diameters 15" to 25"; and 
0.081" for rotor diameters greater than 25". The 0.064" wire is 
often applied instead of the 0.029" or 0.045" wires. During the 
banding process, the wire should have a tension which is about 
70% of the maximum permissible wire tension, in order to take 
care of overspeeds. The maximum permissible wire tension (in 
pounds) is: 80 for 0.029" wire; 200 for 0.045" wire; 250 for 
0.064" wire when applied to wire or ribbon coils, and 400 when 
applied to strap coils; 550 for 0.081" wire, which is used only 
for strap coils. 


The number of wires in the band is governed by the stress 
in the band. For the latter, the following formula can be used: 
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S = 2.25 WD x (1358 )? pounds (2-4) 
where S is the total stress in the band, W is the total weight 
(in pounds) of the end windings, including insulation and band- 
ing, D the rotor diameter (in inches), and rpm the rated speed. 
The band should cover about 60% of the coil ends. 


Two layers of 0.010" mica and one of .035" asbestos are usu- 
ally used as insulation between end windings and band wire. The 
insulation must extend on each side 3/8" to 1/2" beyond the last 
turn of wire. 


Tinned steel clips, 3/8" to 1/2" wide and 0.012" to 0.022" 
thick, must be placed under the bands. The length of the clips 
must be such as_ to permit a turnover on top of about half an 
inch at each end. The clips are spaced about 4 slots apart. At 
the start and stop of the band, 3 clips, close to each other,are 
usually used. 


C. SQUIRREL-CAGE WINDINGS 


2-8. Different kinds of Squirrel-cage Windings. Some slot 
shapes for squirrel-cage rotors are shown in Fig. 2-22. The 
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Fig. 2-22. Slot shapes for squirrel-cage rotors 





rotor bars are not insulated; they are connected on each side by 
a ring. In rotors with a diameter up to about 12", the bars and 
rings are made,by the larger manufacturers, of die cast aluminum 
for which different compositions are available (Fig. 2-23). 
Otherwise, the bars are made of round (Fig. 2-24) or rectangular 
(Figs. 2-25 and 2-26) copper and sometimes also of brass. The 
rings are made of either copper or brass or other material of 
higher resistivity. 
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Fig. 2-23. Complete rotor with die-cast aluminum bars, 
end rings, and ventilating fans 





Fig. 2-24. Squirrel-cage rotor with round bars 
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Fig. 2-25. Squirrel-cage rotor with rectangular bars 
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Fig. 2-26. Complete squirrel-cage rotor for a large induction 
motor 


For certain purposes, 2 cages are arranged in the rotor. 
Some slot shapes for double-cage rotors are shown in Fig. 2-27. 
There may be 2 rings on each side,one for each cage (Fig. 2-28), 
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Fig. 2-27. Slot shapes for double-cage rotors. 
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or only one ring on each side, which is then common for both 
cages. 





Fig. 2-28. Complete double-cage rotor 


Bolts, solder, bolts and solder, brazing, and welding are 
used to connect the bars to the end rings. 


The last 2 are most 
often used in present-day practice. 
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TABLE 2-10 - WEDGE DIMENSIONS FOR WOUND ROTORS 


Figure 
Slot Width 
No. 
Pig. 2-218 | Up to 0.5 1/16 Se 
Up to 0.44 1/16 5/32 | 0.048 
> 0.44 to 0.50 3/32 7/32 0.048 
rig. aarp [7 ortt 09-80 | 3/32 | 7/32 












Above 0.75 5/32 7/16 


> 0.05 to 5/8 3/32 Ll 
rig. aare [70re8 9/8 | 9/2 | 
veto [ve [= | > 


Above 7/8 5/32 


All dimensions are in inches, 
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CHAPTER 3 


INTEGRAL-SLOT LAP WINDINGS (LAP WINDINGS 
WITH EQUAL COIL GROUPING) 


A. CONNECTION DIAGRAMS AND CONNECTION TABLES 


3-1. Windings Treated in This Chapter. In this chapter, 
the polyphase lap windings will be considered for which 


—____Total No. of Slots > —_ 
No. of poles x No. of phases ~ !teger 


i.e., the windings in which the number of slots per pole per 
phase (see Chapter 1) is an integer and, therefore, all pole- 
phase groups have the same number of single coils. For example, 
a stator with 54 slots for a 6-pole, 3-phase motor has <4, = 3 
slots per pole per phase (spp = 3), and each pole-phase group 
consists of 3 single coils; a stator with 72 slots for a 4 pole, 
3 phase motor has 4x37 6 slots per pole per phase, and con- 
sequently each pole-phase group has 6 single coils. These are 
lap windings with equal coil grouping in contrast to the lap 
windings with unequal coil grouping described in Chapter 4. 


3-2. Presentation, Numbering, and Designation of Pole- 
phase Groups. In the following Connection Diagrams, a pole-phase 
group will be represented by a single line. Therefore, a wind- 
ing laid out for a certain number of slots per pole per phase is 
applicable to any number of slots per pole per phase, provided 
the number of poles and number of phases remain unchanged. 


In all Connection Diagrams, the consecutive pole-phase 
groups of the winding will be designated by the clockwise num- 
bering 1, 2, 3, 4, and so forth, and the different phases to 
which these groups belong will be designated by the letters A and 
B in a 2-phase winding, and by the letters A, C, and B in a 3- 
phase winding. The reason for the choice of the sequence A, C, 
B, and not A, B, C, for 3-phase windings is explained in Art.3-3. 
Furthermore, different kinds of lines are used to denote the 
different phases. In 2-phase windings, a heavy solid line is 
used for phase A, and a light dotted line for phase B. For 3- 
phase windings, a heavy solid line is used for phase A, a light 
dotted line for phase B, and a light solid line for phase C. 


ol 


3-3. Connection Diagrams and Connection Tables and How to 
Use Then. (Figs. 3-10 to 3-122 are at end of chapter). As has 
been explained in Art. 1-6, each phase has as many pole-phase 
groups as there are poles. For example, ina 2-pole machine, 
each phase has 2 pole-phase groups (see Fig. 3-37); in a 4-pole 
machine, each phase has 4 pole-phase groups (see Fig. 3-43), and 
so forth. The pole-phase groups of each phase can be connected 
all inseries (see Fig. 3-65), or all in parallel (see Fig. 3-68), 
or parts of the pole-phase groups can be connected in series and 
these series-connected parts then connected in parallel (see 
Fig. 3-67). 


The maximum possible number of parallel circuits for in- 
tegral slot windings is equal to the number of pole-phase groups 


in the phase, i.e., to the number of poles. If a smaller number 
of parallel paths is desirable, the number of poles must be 
divisible by this smaller number. For example, in a 12-pole 
machine, a maximum of 12 parallel circuits are possible, but 
also 6, 4, 3, and 2 parallel circuits can be made because 12 is 
divisible byeach of these numbers. When, for example, 4 parallel 
circuits are desired, the consecutive 12 pole-phase groups of 
each phase are series-connected in groups of 3, and the 4 series- 
connected groups are connected in parallel (see Fig. 3-94). 


Two consecutive pole-phase groups of the same phase lie 
under poles of different polarity, and the current flows in them 


in different directions; 2 alternate pole-phase_ groups of the 
same phase lie under poles of the same polarity, and the current 
flows in them in the same direction. The current direction of 
the individual pole-phase groups is indicated by arrows. Con- 
sider, for example, Fig. 3-43. Corresponding to the given rule, 
pole-phase group 4 is provided with an arrow which is opposite 
to that of pole-phase group 1, while pole-phase group 7 has an 
arrow of the same direction as that of pole-phase group l. It 
follows from the same rule that for the series connection of 2 
consecutive pole-phase groups of the same phase, the end of one 
group must be connected with the end of the other group (see 
Fig. 3-43) and that, for the series connection of 2 alternate 
pole-phase groups of the same phase, the end of one group must 
be connected with the beginning of the other group (see Fig. 
3-31) 
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The first kind of series connection of pole-phase groups is 
called short-jumper or top-to-top or bottom-to-bottom connection; 
the second kind is called long-jumper or top-to-bottom con- 
nection. The latter kind of connection is used mainly in smaller 
machines (see Art. 3-5) All the Connection Diagrams given, 
except Figs. 3-31 to 3-36, are for the short-jumper connection. 
All the Connection Tables also are for the short-jumper connec- 
tion. 


In a 3-phase, integral-slot winding, the beginnings of 
phases lie 2/3 of a pole pitch or 2/3 of a pole pitch plus any 
even number of full pole pitches apart (see Art. 1-9). Since a 
pole-phase group occupies, in a 3-phase winding, 1/3 of a pole 
pitch (the single exception of this rule is treated in Chapter 
9), the beginnings of the phases can be placed 2 pole-phase 
groups apart, i.e., if phase A starts at the beginning of pole- 
phase group l, phase B may be started at the beginning of pole- 
phase group 3, and phase C at the beginning of pole-phase group 
D6 Therefore, if pole-phase group 1 is assigned to phase A, 
pole-phase group 3 must be assigned to phase B. Pole-phase group 
2 which lies between phases A and B must then belong to phase C. 
This explains the sequence A, C, B, in the connection diagrams 
of the 3-phase windings. | 


Table 3-1 enumerates the standard 2-phase Connection Dia- 
grams and the corresponding Connection Tables (3-6 to 3-9) which 
are worked out in this chapter. Table 3-2 enumerates the stand- 
ard 3-phase Connection Diagrams and Tables with long-jumper or 
top-to-bottom group connectors worked out in this chapter. Since 
windings using the long-jumper connectors are not the most com- 
monly used, only the Connection Diagrams for 4 poles are worked 
out, but the method for laying out such windings is described in 
detail in Art. 3-10. Table 3-3 enumerates the standard 3-phase 
Connection Diagrams and Tables with short-jumper or top-to-top 
group connectors, worked out in this chapter. 


Table 3-4 is a Master Table for 2-phase windings showing 
for different numbers of poles (up to 24) and different numbers 
of slots (up to 144) the corresponding values of spp and the 
number of pole-phase groups. Table 3-5 is the corresponding 
Master Table for 3-phase windings; however, it is extended to 52 
poles and 540 slots. The purpose of these Master Tables is to 
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enable the winder to determine at a glance the proper number of 
pole-phase groups, and the proper number of slots per pole per 
phase for any given combination of slots and poles. For the in- 
tegral-slot windings, the spp is denoted in heavy print. For 
those windings with a fractional number of slots per pole per 
phase which are balanced, the spp is given in normal print (these 
windings are discussed in Chapters, 4, 6, and 7), whereas, for 
those windings with a fractional number of slots per pole per 
phase which are unbalanced (discussed in Chapters 5 and 8), the 
spp is denoted in italics*. The Tables, then, in addition to 
giving the data on spp, also point out whether the winding is 
balanced or unbalanced. They also give a clue to the proper 
grouping for the particular winding, but this part of the table 
will be discussed later. 


The Connection Diagrams (see pp. 89 - 191) are complete and 
show how the pole-phase groups are to be connected for series as 
well as for parallel connections. For 3-phase windings, diagrams 
are given for star as well as delta connections. Diagrams are 
given also for the dual-voltage connections. Small motors are 
usually designed so that they may be used readily for dual volt- 
ages, for example, 220 and 440 volts, or 110 and 220 volts. 


The Connection Tables 3-6 to 3-9 for 2-phase windings, and 
3-10 to 3-24 for 3-phase windings, have been worked out only for 
the short-jumper connection as mentioned above. The long-jumper 
connection can be used for all integral-slot windings, but it 
cannot be used for certain fractional-slot windings (see Chapter 
4) and, therefore, must be used with caution. Although the 
Connection Diagrams and Tables shown consider only a limited 
number of poles and slots, detailed information is given in 
Arts. 3-4 to 3-15 which enables the winder to lay out a winding 
for any number of poles and any desired connection. The use of 
the diagrams and tables for integral-slot lap windings will be 
explained by a few examples. 


Consider first a 2-phase, 48-slot, 8-pole winding, connected 
series. The Master Table 3-4 for 2-phase windings shows that 
for 8 poles and 48 slots’ there are 16 pole-phase groups, and 
spp = 3, i.e., each pole-phase group consists of 3 single coils. 
Table 3-1 shows that for 8 poles and series connection the 
proper Connection Diagram is Fig. 3-24. If, for the same example, 
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a 2-parallel connection is desired, Table 3-1 shows that Con- 
nection Diagram Fig. 3-25 is to be used. 


Consider now a 3-phase, 168-slot, 14-pole winding connected 
series star. The Master Table 3-5 shows that for 168 slots and 
14 poles there are 42 pole-phase groups, and spp = 4. Table 3-3 
shows that for a _ series star connection, the proper Connection 
Diagram is Fig. 3-1ll. If, on the other hand, it is de- 
sired to connect this winding series delta, then, from the same 
table, Connection Diagram Fig. 3-117 is to be used. Other Con- 
nection Diagrams are indicated also. If the winding is to be 
connected without the use of Connection Diagrams, Table 3-3 in- 
dicates that Connection Table 3-16 can be used. In Table 3-16 
the method is given for connecting the pole-phase groups of each 
phase for series, 2-parallel, 7-parallel and 14-parallel cir- 
cuits. "Sl" means start of group 1, "S4" means start of group 
4, "F16" means finish of group 16, etc. The arrow indicates the 
group connector. 


For the series connection of phase A, the line lead qT con- 
nects to the start of group 1 (Sl). The end of phase A is 
Ty which connects to the start of group 40 (S40). Similarly, 
for phase B, line lead To connects to S3, and Ts connects to 
S42; for phase C, line lead Ts connects to S5, and Tg connects 
to S82. Now for the series star, TN; Ts; Tg connect together, 
and Tj; To, Ts are connected to line leads;for delta connection, 
1% connects with To: Ts with Ts; and Tg with TY The line leads 
are then connected to the junction of T,-T,. T,-To, and T5-T3- 


The Table also indicates how to change from a series con- 
nection to a 2-parallel connection. It can be seen that if, in 
phase A,the jumper connection between F19 and F22 is broken, and 
the end F22 is connected to Sl, and the end F19 is connected to 
S40, a parallel connection of the phase is accomplished. The 
phases B and C can _ similarly be connected into 2 parallel cir- 
cuits by following the Table. It is apparent from this that 
windings can be readily connected without the use of Connection 
Diagrams, andalso, that it is a simple matter to change from 
a series to 2 parallel, or other combination, by using the Con- 
nection Tables. For this reason, the Tables have been worked 
out to 30 poles for 3-phase windings. 
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B. LAYOUT OF 2-PHASE WINDINGS 


3-4, Layout of 2-Phase Windings. The layout and checking 
of a 2-phase winding can be best shown by an example. As such, 
a 4-pole machine will be considered. First, the number of pole- 
phase groups is to be determined. This can be done with the aid 
of Eq. 1-4, which says that 

No. of pole-phase groups = No. of poles x No. of phases 
i.e., in the case of a 4-pole machine, the number of pole-phase 
groups is 4 x 2 = 8. These 8 groups are shown in Fig. 3-la. They 
are numbered clockwise by the consecutive digits 1 to 8. The 





A 
B_ oa 
/ 4 5 < : 
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Fig. 3-la. 2-phase, 4-pole Fig. 3-lb. 2-phase, 4-pole 
winding. Arrangement of winding, series connection 
pole-phase groups. of phase A. 


groups 1, 3, 5, and 7 belong to phase A and are indicated by 
heavy lines; the groups 2, 4, 6, and 8 belong to phase B and are 
indicated by dotted lines. 


Each pole-phase group has a start and a finish. Going 
around the circle in Fig. 3-la clockwise, it will be assumed, as 
in the previously shown Connection Diagrams, that the beginning 
of each line representing apole-phase group is the start of this 
pole-phase group, and the end of the line the finish of the pole- 
phase group. Then, since 2 consecutive pole-phase groups of the 
same phase lie under poles of different polarity, the series 
connection of these 2 consecutive pole-phase groups can be ac- 
complished by connecting either their finishes or their starts 
together, while for the parallel connection of these same 2 con- 
secutive pole-phase groups, the start of one pole-phase group 
must be connected with the finish of the other pole-phase group. 
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Fig. 3-lc. 2-phase, 4-pole Fig. 3-ld. 2-phase, 4 pole 
winding, 2-parallel con- winding, 2-parallel con- 
nection of phase A. nection of phase A. 


On the other hand, since 2 pole-phase groups of a phase 
separated by one group of the same phase lie under poles of the 
same polarity, for the series connection of such 2 groups, the 
finish of one group must be connected to the start of the other 
group; and for the parallel connection, the starts and also the 
finishes of both groups must be connected together, respectively. 


Fig. 3-l1b shows the series 
connection of the 4 pole-phase 
groups of phase A. The finish 
of group 1 is connected to the 
finish of group 3, the start 
of group 3 is connected to the 
start of group 5, and the fin- 
ish of group 5 is connected to 
the finish of group 7. The 
start of group 1 and the start 
of group 7 are the beginning 
Fig. 3-le. 2-phase, 4-pole (T)) and end (73), i.e., the 


winding, 4-parallel con- leads of phase A. 
nection of phase A, 
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Fig. 3-lc shows the 2-parallel connection of the 4 pole- 
phase groups of phase A. The groups 1 and 3, and the groups 5 
and 7, are connected in series respectively as in Fig. 3-lb, but 
here the start of group 5 is connected to the start of group l, 
and the start of group 3 is connected to the start of group 7. 
The 2-parallel connection (Fig. 3-lc) is readily obtained from 
the series connection (Fig. 3-lb) by opening the jumper between 
start of group 3 and start of group 5, and connecting the start 
of group 3 to the lead Ts and the start of group 5 to the lead 
T)- 

Fig. 3-ld shows another type of 2-parallel connection. The 
groups 1 and 3 are connected as in Fig. 3-lc; i.e., the finish 
of group 1 is connected to the finish of group 3. In the groups 
5S and 7, the starts are connected together instead of the fin- 
ishes and then the start of group 1 is connected with the finish 
of group 7 by a short jumper; and another short jumper connects 
the start of group 3 with the finish of group 5. 


Comparing the2 Connection Diagrams,Fig. 3-lc and Fig. 3-ld, 
the former requires less time and labor than the latter if the 
parallel connection is to be changed to a series connection. A 
further advantage of the Connection Diagram shown in Fig. 3-lc 
is explained in Art. 3-15. 


Fig. 3-le shows the 4-parallel connection of the 4 pole- 
phase groups of phase A. Here the start of group 1 is connected 
to the finish of group 3, to the start of group 5, and to the 
finish of group 7, and, further, the finish -of group 1 is con- 
nected to the start of group 3, to the finish of group 5, and to 
the start of group 7. As stated previously, the maximum number 
of parallel circuits of the integral-slot, 2-layer lap winding 


is equal to the number of poles, 


3-5. Short and Long Jumpers. Consider Fig. 3-lb for series 
connection. The consecutive groups of the same phase, for ex- 


ample, groups 1 and 3, groups 3 and 5, etc., lie under poles of 
different polarity, and the series connection is made in such a 
manner that 2 consecutive groups connected together belong to 
poles of different polarity. The series connection may be ac- 
complished also in another way, namely, by connecting first in 
series all groups which lie under poles of the same polarity, 
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and then by connecting together the 2 parts of the winding. This 
is shown in Fig. 3-2a. Here the finish of group 1 is connected 
by a long jumper to the start of group 5; the start of group 3 
is connected by a long jumper to the finish of group 7; and the 
finish of group 5 is connected by a short jumper to the finish 
of group 3. 


Fig. 3-2b shows the 2-parallel connection with long jumpers. 
Here the 2 series-connected groups 1 and 5, which lie under 
poles of the same polarity, are connected in parallel with the 
2 series-connected groups 3 and 7, which lie under the poles of 
the other polarity. 


In large machines, especially those with a large number of 
poles, the connection with short jumpers is preferred. The coil 
leads themselves are then made long enough to be used as jumpers, 
and no additional wire and additional soldered joints are neces- 
sary as with the long jumpers. Also, there are fewer cross- 
overs than with the long jumpers. However, if the winding is 
connected 2-parallel, there can be effected a considerable sav- 
ings in lead cable by using the long-jumper connection rather 
than the short-jumper connection. This scheme then brings all 
the beginnings and ends of the phases at one end of the winding 
rather than 180 mechanical degrees apart. In machines with a 





qi 
Fig. 3-2a. 2-phase, 4-pole Fig. 3-2b. 2-phase, 4-pole 
winding, series connection winding, 2-parallel connec- 
with long jumpers. tion with long jumpers. 
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small number of poles and a series connection of all pole-phase 
groups in each phase, it does not make much difference whether 
the connection with short or long jumpers is used. In small 
machines, with a larger number of poles, the long-jumper connec- 
tion is of some advantage, since it allows more working space 
than the short-jumper connection. As will be explained later 
(Art. 3-15) the connection with short jumpers has the advantage 
of compensating for magnetic side-pull to a much higher degree 
than the connection with long jumpers, when the winding has 
parallel paths. 


3-6. Location of the Beginnings of the Phases. In 2-phase 
windings. the beginnings of the phases lie one pole-phase group 


apart (see Art. 1-9), i.e., they are either the starts or the 
finishes of 2 consecutive pole-phase groups. Since there are 2 
pole-phase groups per pole, the beginnings of the phases lie,in 
integral-slot windings, in slots which are half a pole pitch 
apart. Because of the symmetry of the winding, the ends of the 
phases also lie half a pole pitch apart. This rule is inde- 
pendent of the kind of connection, i.e., it holds for series as 


well as for any kind of parallel connection. 


3-7. Checking of a 2-Phase Winding. Since 2 consecutive 
groups of the same phase lie under poles of different polarity, 
the arrows on the lines representing the groups alternate their 
direction (Fig. 3-la). Consider any of the Figs. 3-1 or 3-2,for 
example 3-1b. Following through the groups of phase A starting 
at terminal Ty; the connection of the groups must be such as to 
pass in the direction of all arrows. This is the case in Figs. 
3-lb to 3-ld and 3-2. These figures show the connections of 
only phase A. If both phases are shown (see Fig. 3-la and also, 
for example, Fig. 3-13), then the arrows in 2 adjacent groups 
have the same direction and, in the next 2 groups, the opposite 
direction. Thus, in order to check a 2-phase winding, start at 
the lead Ty of phase A and draw an arrow assuming current to 
flow into this phase. Then trace the connections through all 
pole-phase groups of phase A from lead T) to lead Ty and, while 
tracing through the groups, mark on each group by an arrow the 
direction in which the pencil traced through the particular 
group. Repeat the same with phase B starting at the lead To 
The connection diagram is correct if 2 of the arrows point in 
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Qne direction, the next 2 in the opposite direction, then the 
next 2 in the original direction, and so on. If this condition 


is not satisfied, the diagram is incorrect. 


A similar method can be applied in checking a winding al- 
ready placed in the slots. Each phase is checked separately by 
feeding it with direct current. However, it is important that 
the same d-c lead is connected to both motor leads T) and To» 
i.e., that current flows through both phases in the same direc- 
tion, First apply current to the phase A and, with the aid of a 
compass held near the core at the centers of the pole-phase 
groups, mark the magnetic polarity of all groups (1, 3, 5, and 
so on) belonging to this phase. Start the marking with pole- 
phase group 1, which can be located by tracing the lead wire, and 
bear in mind that, if the north end of the needle points to the 
core, the polarity of that group is south (S). There should be 
as many pole-phase groups as_ there are poles, and the polarity 
should alternate N and S. Now the d-c leads are changed to phase 
B, and, starting with pole-phase group 2, the pole-phase groups 
of this phase are marked using a different-colored chalk or lo- 
cating the markings at a different point, for example, the mark- 
ings of phase A at one end of the core and the markings of phase 
B at the other end. Then, if the winding is correctly connected, 
2 of the pole-phase groups should be marked N, the next 2 should 
be marked S, then the next 2 again N, and so on. The number of 
pairs will be equal to the number of poles. 


The existence and direction of the driving force (i.e., of 
the rotating field) can be checked on 2-phase as well as 3-phase 
windings by a dummy rotor or a steel ball. This check, however, 
does not always guarantee that all sfngle coils are connected 
correctly. 


3-8. Dual-voltage Connections. As_ mentioned previously, 
small motors up to approximately 15 HP are usually designed by 
the manufacturers in such a manner that they may be readily used 
for two or more different voltages. For example, a winding may 
be laid out to have a series connection for 220 volts and a 2- 
parallel connection for 110 volts; or series connection for 440 
volts and 4-parallel connection for 110 volts. The change from 
one voltage to the other is simplified when extra leads are 
brought out. If, for example, in Fig. 3-lb the starts of groups 
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3 and 5 are brought out as leads, then the connection Fig. 3-lc 
for 2 parallel circuits can be easily made, and the winding can 
be used for 2 voltages which have the ratio of 2 to l. The num- 
ber of leads per phase here is 4 instead of 2 for the single- 
voltage motor. With 8 leads per phase, the series connection 
Fig. 3-lb can be readily changed to 2 as well as to 4 parallel 
circuits (Figs. 3-lc and 3-le). 


C. LAYOUT OF 3-PHASE WINDINGS 


3-9. Layout of 3-Phase Windings. The slots belonging to 
one pole of a 3-phase winding are divided in 3 parts correspond- 
ing to the number of phases, i.e., there are 3 pole-phase groups 
per pole, differing from the 2-phase winding which has only 2 
pole-phase groups per pole. Two consecutive groups belonging to 
the same phase are 2 pole-phase groups apart. 


The layout of the 3-phase winding will be studied on a 4- 
pole machine as was done for the 2-phase winding. The number of 
pole-phase groups is given by Eq. 1-4, namely, 


No. of pole-phase groups = No. of poles x No. of phases 


Thus, in the case of the 4-pole winding, the number of pole- 
phase groups is equal to 4x 3 = 12. Fig. 3-3a shows the 12 
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62 





Fig. 3-3c. 3-phase, 4-pole Fig. 3-3d. 3-phase, 4-pole 
winding, 2-parallel connec- winding, 2-parallel connec- 
| tion of phase A. tion of phase A. 
4, 7, and 10 belong to phase A; the groups 2, 5, 8, and ll to 
phase C; and the groups 3, 6, 9, and 12 to phase B. The reason 
for assigning group 2 with its corresponding groups 5, 8, and ll 
to phase C, and not’ to phase B, has been explained in Art. 3-3. 
In this, as in the following diagrams, the groups belonging to 
phase A are shown as heavy lines, the groups belonging to phase 
B as dotted lines, and the groups belonging to phase C as light 
solid lines. Since 2 consecutive pole-phase groups of the same 
phase lie under poles of dif- 
ferent polarity, the arrows 
assigned to them must have 
different directions. There- 
fore, the arrow of group 4 
(Fig. 3-3a) is opposite to the 
arrow of group 1, the arrow of 
group 7 opposite to that of 
group 4, and so on. For the 
explanation of the connections 
of the pole-phase groups, only 
phase A will be considered. 
The complete diagram is given 
in Fig. 3-5. Furthermore, it 
will be assumed again that, in 





Fig. 3-3e. 3-phase, 4-pole 
winding, 4-parallel connec- 
tion of phase A. Clockwise direction, the be- 
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ginning of each line representing a pole-phase group is the start 
of this pole-phase group, and the end of the line, the finish of 
the pole-phase group. Then, as for the 2-phase winding, the 
series connection of 2 consecutive pole-phase groups of the same 
phase can be accomplished by connecting either their finishes or 
their starts together, while for the parallel connection of these 
Same 2 consecutive pole-phase groups, the start of one pole- 
phase group must be connected with the finish of the other pole- 
phase group. On the other hand, since 2 pole-phase groups of 
the same phase which are one group (of this phase) apart lie 
under poles of the same polarity, for the series connection of 
such 2 groups, the finish of one group must be connected to the 
start of the other group, and for the parallel connection, the 
starts and also the finishes of both groups must be connected 
together, respectively. 


Fig. 3-3b shows the series connection of the 4 pole-phase 
groups of phase A, Corresponding to the rule given above, the 
finish of group 1 is connected to the finish of group 4, the 
start of group 4 is connected to the start of group 7, and the 
finish of group 7 is connected to the finish of group 10. The 
start of group 1 and the start of group 10 are the beginning 
(T}) and end (T4), i.e., the leads of phase A. 


Fig. 3-3c shows the 2-parallel connection of the 4 pole- 
phase groups of phase A, The groups 1 and 4 and the groups 7 
and 10 are respectively connected in series as in Fig. 3-3b, but 
here the start of group 7 is connected to the start of group l 
and the start of group 4 is connected to the start of group 10. 
The 2-parallel connection (Fig. 3-3c) is readily obtained from 
the series connection (Fig. 3-3b) by opening the jumper between 
the start of group 4 and the start of group 7, and connecting 
the start of group 4 to the lead Tg) and the start of group 7 to 
the lead T\- 


Fig. 3-3d shows another type of 2-parallel connection. The 
groups 1 and 4 are connected as in Fig. 3-3c, i.e., the finish 
of group 1 is connected to the finish of group 4. In groups 7 
and 10, the starts are connected together instead of the fin- 
ishes, and then a _ short jumper connects the start of group l 
with the finish of group 10, and another short jumper connects 
the start of group 4 with the finish of group 7. The advantage 
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of the 2-parallel connection of Fig. 3-3c over that of Fig. 3-3d 
is explained in Art. 3-15. 


Fig. 3-3e shows the 4-parallel connection of the 4 pole- 
phase groups of phase A, Here the start of group 1 is connected 
to the finish of group 4, to the start of group 7, and to the 
finish of group 10, and, further, the finish of group 1 is con- 
nected to the start of group 4, to the finish of group 7, and to 
the start of group 10. 


The maximum number of parallel circuits of the integral- 
slot, 2-layer lap windings is equal to the number of poles. 


3-10. Short and Long Jumpers. In 3-phase windings as in 
2-phase windings, the connections between the pole-phase groups 


may be made by either short or long jumpers. 


Consider Fig. 3-3b for the series connection. Two consecu- 
tive groups of the same phase, for example, groups 1 and 4, 4 
and 7, etc., lie under poles of different polarity, and the 
series connection is made in such a manner that 2 consecutive 
groups connected together belong to poles of different polarity. 
The series connection may be accomplished also in another way, 
namely, by connecting first, in series, all groups which lie 
under poles of the same polarity, and then by connecting together 
the 2 parts of the winding. This is shown in Fig. 3-4a. Here 





Fig. 3-4a. 3-phase, 4-pole Fig. 3-4b. 3-phase, 4-pole 
winding, series connection winding, 2-parallel connec- 
with long jumpers. tion with long jumpers. 
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the finish of group 1 is connected by a long jumper to the start 
of group 7; the start of group 4 is connected by a long jumper 
to the finish of group 10;and the finish of group 7 is connected 
by a short jumper to the finish of group 4. 


Fig. 3-4b shows the 2-parallel connection with long jumpers. 
Here the two groups 1 and 7 connected in series by a long jumper 
are connected in parallel with the two groups, 4 and 10, which 
are also connected in series by a long jumper. As in Fig. 3-4a, 
the groups 1 and 7 lie under poles of a polarity different from 
that of groups 4 and 10. 


3-11. Location of the Beginnings of the Phases. The loca- 
tion of the beginnings of the phases is not as simple as for 2- 
phase windings. A 3-phase integral-slot winding consists of 3 
parts displaced by 2/3 of a pole pitch, i.e., the beginnings of 
the 3 parts and, due to the symmetry of the winding, also their 
ends lie 2/3 of a pole pitch apart (see Art. 1-9 and Art. 3-3). 
Since a pole-phase group usually occupies, in a 3-phase winding, 
1/3 of a pole pitch,it follows that the beginnings of the phases 
must be 2 pole-phase_ groups apart in order to satisfy the con- 
dition of being displaced with respect to each other by 2/3 of a 
pole pitch. Thus, in Fig. 3-3a, the starts or the finishes of 
the groups 1, 3, and 5, or the groups 1l, 1 and 3, or of any 
other 3 groups which lie 2 pole-phase groups apart, can be taken 
as the beginning of the phases. However, with respect to the 
phase beginnings, it is permissible to substitute for any group 
one which lies 2 pole pitches (or a multiple of it) apart from 
it. For example, instead of using the starts or finishes of the 
groups 1, 3, and 5 as beginnings of the phases, the starts or 
finishes of the groups 7, 3, and 5, or the starts or finishes of 
the groups 1, 9, and 5 can be taken. In the first case, group 7 
is substituted for group 1; in the second case group 9 is sub- 
stituted for group 3. Group 7 lies 2 pole pitches apart from 
group 1, group 9 lies 2 pole pitches apart from group 3. Usual- 
ly, the beginnings of the phases are outside leads and are lo- 
cated not far apart from each other. 


3-12. Checking a 3-Phase Winding. Consider Fig. 3-5 which 
shows dll 3 phases of the 4 pole windings treated before (see 
Figs. 3-3a to 3-4b). In order to check whether the connection 
diagram is correct or not, assume current to flow into each one 
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of the 3 leads, Ty» To, and Ty. Trace each phase_ separately 
through all its groups, and mark on each group by an arrow. the 
direction in which the pencil traced through the particular 
group. The connection diagram is correct, if no 2 adjacent 


arrows point in the same direction, i.e., if the direction alter- 
nates with each pole-phase group. This check is based upon the 
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rane 3-5. 3-phase winding. 
hecking the connections 


fact that, if direct current flows into the 3 phases of a 
properly connected winding, a compass held against the consecu- 
tive pole-phase groups will show reversed polarity for the suc- 
cessive groups. It follows from this, that direct current can 
be used in order to check a winding already inserted into the 
slots. The procedure is different for a star- and a delta-con- 
nected winding (see Art. 3-13). 


If the winding is star-connected, one d-c test lead is ap- 
plied to the neutral point (or points if there are several par- 
allel stars) and the other d-c test lead is applied to the leads 
Ty), To, and T in succession (Fig. 3-6). With the d-c lead on 
T)> use a compass in the manner explained in Art. 3-7, and mark 
the pole-phase groups of phase A (1, 4, 7, and so on) with N or 
S, as the compass needle shows. Then move the d-c lead to To» 
and mark the pole-phase groups of phase B; finally move the d-c 
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Fig. 3-6. Star connection Fig. 3-7. Delta connection 


test lead to Ty; and mark the pole-phase groups of phase C. It 
is advisable to use for the different phases different-colored 
chalk or to locate the markings of the 3 phases at different 
points; for example, the markings of phases A and C near both 
ends of the core, and the markings of phase B in the middle of 
the core. If the winding is correctly connected, the markings N 
and 8 will alternate all around the core. If there are two con- 
secutive N's or 8's, there is an error in the connections. 


When the winding is delta-connected, one junction of the 
phase leads must be opened; for example, at the point T); T¢ 
(Fig. 3-7) where phases A and C are connected together. All 
other connections are maintained. The direct current must flow 
in all 3 phases in the same direction, i.e., either from the be- 
ginnings of the phases to their ends or vice versa to give a 
proper check. To accomplish this, first mark one d-c test lead 
and connect it to Ty or Tg: at the opened point of the delta, 
Connect the other d-c test lead to that maintained or connected 
(To, Tg; or To: Ts) point of the delta which, at the same applied 
d-c voltage, gives the larger current. Then current flows only 
through one phase. Now mark the N and S magnetic polarities of 
this phase by using a compass, as described above. Then move 
the marked d-c lead to the point where the unmarked d-c lead was 
connected, and the unmarked d-c lead to the second maintained 
point of the delta. Again current flows through one phase only. 
Mark the polarities of this phase. Finally, move the marked d-c 
lead to the second maintained point of the delta, i.e., to the 
point where the unmarked d-c lead last was connected,and connect 
the unmarked d-c lead to Tg if Ty; has been used at the start, or 
to Ty: if T, has been used at the _ start. Now current flows 
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through the third of the 3 phases. Mark the polarities of this 
phase. As for the star connection, the winding is correctly 
connected, if N and S alternate throughout the whole winding. 
Note that the delta point Tj, Tg has been used above only as an 
example. Any point of the delta can be opened for the test in 
consideration. (See Art. 3-7 about the checking of a finished 
3-phase winding by a dummy rotor or a steel ball.) 


3-13. Star (Wye "Y") and Delta (A) Connection. The 3 
phases of a 3-phase winding can be connected in two different 
ways. Consider Fig. 3-5. The ends of the three phases Tq: Ts» 
and T¢ can be connected together at a common point called the 
"neutral point” leaving the phase beginnings as leads. This is 
shown schematically in Fig. 3-6. This kind of connection is the 
star or wye connection. Instead of connecting the ends of the 
phases to the neutral, the beginnings of the phases T)> To: and 
Ts can be connected together leaving the ends Tg) Ts» and Tg as 
leads. Thus,the star (wye) connection of the 3 phases is obtained, 
when either the beginnings or the ends of the 3 phases are con- 
nected together and the 3 not connected wires are used as leads. 


Fig. 3-7 shows schematically the delta connection of the 
3 phases. Here the end of phase A (T4) is connected with the be- 
ginnings of phase B, (To); the end of phase B (Ts) is connected 
with the beginning of phase C (Tj); and the end of phase C (Tg) 
is connected with the beginning of phase A (T)). The leads are 
connected to the corners of the triangle. The delta connection 
can also be obtained if the end of phase A (T,) is connected 
with the beginning of phase C (T,) ; the end of phase C (Tg) is 
connected with the beginning of phase B (To) ; and the end of 
phase B (Ts) with the beginning of phase A (T}). 


3-14. Dual-voltage Connections, As mentioned in Art. 3-8, 


small motors are usually designed by the manufacturers to be 
used for different voltages; for example, for 110 and 220 volts, 
or for 220 and 440 volts. In this case, a series connection is 
used for the higher voltage, anda parallel connection for the 
lower voltage. The change from one voltage to the other is 
Simplified when extra leads are brought out. If, for example, 
in Fig. 3-3b, the starts of groups 4 and 7 are brought out as 
leads, the connection (Fig. 3-3c) for 2 parallel circuits can be 
made easily, and the winding can be used for 2 voltages which 
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have the ratio 2 to 1. The number of leads per phase is, in this 
case,4 instead of 2 for the single-voltage winding. With 8 leads 
per phase,the series connection Fig. 3-3b can be readily changed 
to 2 as well as to 4 parallel circuits, and the winding can be 
used for 3 voltages in the ratios 4 to 2 to 1. In practice dual 
voltage windings connected either wye or delta have 9 leads (3 
per phase) brought out. This is shown in Figs. 3-33 and 3-36. 


3-15. Magnetic Unbalance and Equalizer Connections. A mag- 


netic unbalance producing a side-pull may occur in electric ma- 
chines due to bearing wear which makes the gap unequal around the 
armature or aS a result of excessive side-pull on the pulley or 


of an unsymmetry in the winding. A_series-connected winding has 
no corrective influence on the magnitude of the pull. A paral- 


el-connected winding has the tendency to reduce the unbalance 
and the side-pull. In this respect, the connection with short 
jumpers is much more effective than that with long jumpers, 
especially in machines with lower numbers of poles. In a 4-pole 
or 6-pole machine connected with long jumpers, practically no 
corrective influence is produced by the parallel circuits. A 
considerable reduction of magnetic unbalance can be achieved by 
using short jumpers and equalizer connections. For this purpose, 
the parallel paths must be connected in the manner shown in Figs. 
3-lc and 3-3c, but not as shown in Fig. 3-ld and 3-3d. Observe 
that in Fig. 3-lc, the pole-phase groups connected to Ty and Ts; 
and those connected to Ty, and 
T, in Fig. 3-3c, lie opposite 
to each other in the core 
slots, i.e., 180 mechanical 
degrees apart. This is not 
the case in Figs. 3-ld and 
3-3d. It will be found that 
in schematic diagrams (shown 
in the centers of the forego- 
ing figures) of a 2-parallel 
connection, made according to 
Fig. 3-lc and 3-3c, there are 
always 2 pole-phase groups 
displaced by 180 mechanical 

Fig. 3-8. 3-phase, 4-pole wind- 


degrees from each other. The ing with 2 paraliel paths and 
equalizer connections are equalizer connections 
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then made between each 2 groups connected in series. Fig. 3-8 
and 3-9 show the arrangement of the equalizer connections (c) 
for a 4-pole and 8-pole 3-phase winding with 2 parallel paths. 
Fig. 3-8 is the same as Fig. 3-3c, however, with equalizer con- 
nections. 





Fig. 3-9. 3-phase, 8-pole winding with 2 
parallel paths and equalizer connections 


The equalizer connections are used seldom, i.e., only in 
special cases in which a magnetic unbalance can be presumed, and 
then only for windings with 2 parallel paths. When the number 
of parallel paths is larger than 2,and the connection with short 
jumpers is used, a satisfactory corrective effect, due to the 
parallel paths, can be expected in the case of an unbalance. A 
magnetic unbalance is especially undesirable in induction motors, 
since these machines have small air gaps. However, most of the 
induction motors have squirrel-cage windings in the rotor, and 
these windings act as very effective equalizers with respect to 
magnetic unbalance. 
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TABLE 3-1 - STANDARD 2-PHASE CONNECTION DIAGRAMS 
AND TABLES FOR TOP-TO-TOP OR SHORT-JUMPER GROUP 
CONNECTION GIVEN IN THIS CHAPTER 
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Fig. 3-10. 2-pole, 2-phase, series connection diagram T-T 





Gout ve 


Fig. 3-ll. 2-pole, 2-phase, 2-parallel connection diagram 
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TABLE 3-6 
2-POLE 2-PHASE CONNECTION TABLE 


(Reference Connection Diagrams Figs. 3-10, 3-11) 








| Phase Connections tents 


8. {Ty 





Pperanter 2perante [5 F, | Fy 





S = start of a group. 
F = finish of a group. 
— connected to start or finish of a group. 


|| spot for change with respect to series connection. 
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Fig. 3-12. 2-pole, 2-phase, series or 2-parallel 
connection diagram with 8 leads 
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Fig- 3-13- 4-pole, 2-phase,series connection diagram T-T 
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Fig. 3-14. 4-pole, 2-phase, 2-parallel connection diagram 





Fig. 3-15. 4-pole, 2-phase, 4-parallel connection diagram 
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Fig. 3-16. 4-pole, 2-phase, series or 2-parallel 
connection diagram with 8 leads 
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Fig. 3-17. 4-pole, 2-phase, 2- or 4-parallel 
connection diagram with 8 leads 
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Fig. 3-18. 6-pole, 2-phase, series connection diagram T-T 





Fig. 3-19. 6-pole, 2-phase, 2-parallel connecfion diagram 
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6-pole, 2-phase, 3-parallel connection diagram 


Fig. 3-20. 





2~-phase, 6-parallel connection diagram 
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Fig. 3-21. 
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Fig. 3-22. 6-pole, 2-phase, series or 2-parallel 
connection diagram with 8 leads 
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Fig. 3-23. 6-pole, 2-phase, 3- or 6-parallel 
connection diagram with 8 leads 
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8-pole, 2-phase, series connection diagram T-T 


Fig. 3-24 





,» 2-parallel connection diagram 


8-pole, 2-phase 


Fig e 3-25 e 
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Fig. 3-27. S8-pole, 2-phase, 8-parallel connection diagram 
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Fig. 3-28. 8-pole, 2-phase, series or 2-parailel 
connection diagram with 8 leads 





Fig. 3-29. 8-pole, 2-phase, 2- or 4-parallel 
connection diagram with 8 leads 
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8-pole, 2-phase, 4- or S8-parallel 


connection diagram with 8 leads 


Fig. 3-30. 
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Fig. 3-31. 4-pole, 3-phase, series star connection diagram T-B 
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Fig. 3-32. 4-pole, 3-phase, 2-parallel 
star connection diagram T-B 


105 





Fig. 3-33. 4-pole, 3-phase, series or 2-parallel 
star connection diagram with 9 leads T-B 
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Fig. 3-34. 4-pole, 3-phase, series delta connection diagram T-B 





Fig. 3-35. 4-pole, 3-phase, 2-parallel 
delta connection diagram T-B 
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Fig. 3-36. 4-pole, 3-phase, series or 2-parallel 
delta connection diagram with 9 leads T-B 
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Fig. 3-37. 2-pole, 3-phase, series star connection diagram T-T 





Fig. 3-38. 2-pole, 3-phase, 2-parallel star connection diagram 
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Fig. 3-39. 2-pole, 3-phase, series or 2-parallel 
star connection diagram with 9 leads 
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Fig. 3-40. 2-pole, 3-phase, series delta connection diagram T-T 
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Fig. 3-41. 2-pole, 3-phase, 2-parallel delta connection diagram 
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Fig. 3-42. 2-pole, 3-phase, series or 2-parallel 
delta connection diagram with 9 leads 
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TABLE 3-10 
2-POLE 3-PHASE T-T CONNECTION TABLE 


(Reference Connection Diagrams Figs. 3-37, 3-38, 3-40, 3-41) 


—_— = 


7 S194 14> Flos 


Series 185 F5oF2 82 37 85 Tg S82 
2-parallel |S5 F5IF2 S2 [7 S52F2 Tg > F5+S2 


Y Connection: Connect TT 9? Ty: to line leads; connect Tg) 
Ts, Tg: together. 








A Connection: T, T¢ together to line lead; To; Ty together to 
line lead; T3, Ts together to line lead. 


= start of a group. 
F = finish of a group. 
T-T = Top-to-top or bottom-to-bottom or short-jumper connection. 


+ = connected to start or finish of a group. 


spot for change with respect to series connection. 
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Fig. 3-43. 4-pole, 3-phase, series star connection diagram T-T 





Fig. 3-44. 4-pole, 3-phase, 2-parallel star connection diagram T-T 
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star connection 


-phase, series or 2-parallel 
diagram with 9 leads 
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Fig. 3-47. 4-pole, 3-phase, 2- or 4-parallel 
star connection diagram with 9 leads 
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Fig. 3-48. 4-pole, 3-phase, series delta connection diagram T-T 
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Fig. 3-50. 4-pole, 3-phase, 4-parallel delta connection diagram 
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Fig. 3-51. 4-pole, 3-phase, series or 2-parallel 
delta connection diagram with 9 leads T-T 
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Fig. 3-52. 4-pole, 3-phase, 2- or 4-parallel 
delta connection diagram with 9 leads 
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Fig. 3-53. 6-pole, 3-phase, series star connection diagram T-T 
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Fig. 3-54. 6-pole, 3-phase, 2-parallel 
star connection diagram T-T 


121 





Fig. 3-55. 6-pole, 3-phase, 3-parallel 
star connection diagram T-T 
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Fig. 3-56. 6-pole, 3-phase. 6-parallel star connection diagram 
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Fig. 3-57. 6-pole, 3-phase, series or 2-parallel 
star connection diagram with 9 leads T-T 
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Fig. 3-58. 6-pole, 3-phase, 3- or 6-parallel 
star connection diagram with 9 leads 
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Fig. 3-59. 6-pole, 3-phase, series delta connection diagram T-T 





Boh Th 
Fig. 3-60. 6-pole, 3-phase, 2-parallel delta connection diagram T-T 
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Fig. 3-62. 6-pole, 3-phase, 6-parallel delta connection diagram 
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Fig. 3-63. 6-pole, 3-phase, series or 2-parallel 
delta connection diagram with 9 leads T-T 
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Fig. 3-64. 6-pole, 3-phase, 3- or 6-parallel 
delta connection diagram with 9 leads 
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Fig. 3-65. 8-pole, 3-phase, series star connection diagram T-T 
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3-phase, 2-parallel star connection diagram T-T 


Fig. 3-66. 8-pole, 


132 





Fig. 3-67. 8-pole, 3-phase, 4-parallel star connection diagram T-T 


133 





Fig. 3-68. 8-pole, 3-phase, 8-parallel star connection diagram 
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Fig. 3-69. 8-pole, 3-phase, series or 2-parallel 
star connection diagram with 9 leads T-T 
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Fig. 3-70. 8-pole, 3-phase, 2- or 4-parallel 
star connection diagram with 9 leads T-T 
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8-pole, 3-phase, 4- or 8-parallel 


star connection diagram with 9 leads T-T 


Fig. 3-71. 
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Fig. 3-72. 8-pole, 3-phase, series delta connection diagram T-T 
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-parallel delta connection diagram T-T 
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Fig. 3-73. 8-pole, 3-phase, 
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Fig. 3-74. 8-pole, 3-phase, 4-parallel delta connection diagram T-T 
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Fig. 3-75. 8-pole, 3-phase, 8-parallel delta connection diagram 
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Fig. 3-76. 8-pole, 3-phase, series or 2-parallel 
delta connection diagram with 9 leads T-T 
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Fig. 3-77. 8-pole, 3-phase, 2- or 4-parallel 
delta connection diagram with 9 leads T-T 
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Fig. 3-78. 8-pole, 3-phase, 4- or 8-parallel 
delta connection diagram with 9 leads 
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Fig. 3-79. 10-pole, 3-phase, series star connection diagram T-T 
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Fig. 3-80. 10-pole, 3-phase, 2-parallel star connection diagram T-T 
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Fig. 3-81. 10-pole, 3-phase, 5-parallel star connection diagram T-T 
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Fig. 3-82. 10-pole, 3-phase, 10-parallel star connection diagram 
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Fig. 3-83. 10-pole, 3-phase,series or 2-parallel 
star connection with 9 leads T-T 


150 





Ts Vg 1 W5halg Ty Vy fh 


Fig. 3-84. 10-pole, 3-phase, 5- or 10-parallel 
star connection diagram with 9 leads 
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Fig. 3-85. 10-pole, 3-phase, series delta connection diagram T-T 
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Fig. 3-86. 10-pole, 3-phase, 2-parallel delta connection diagram T-T 
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Fig. 3-88. 10-pole, 3-phase, 10-parallel delta connection diagram 
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Fig. 3-89. 10-pole, 3-phase, series or 2-parallel 
delta connection diagram with 9 leads T-T 
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Fig. 3-90. 10-pole, 3-phase, 5- or 10-parallel 
delta connection diagram with 9 leads 
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Fig. 3-91. 12-pole, 3-phase, series star connection diagram T-T 
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Fig. 3-92. 12-pole, 3-phase, 2-parallel star connection diagram T-T 


159 





Ts Ta Th 


Fig. 3-93. 12-pole, 3-phase, 3-parallel star connection diagram T-T 
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Fig. 3-94. 12-pole, 3-phase, 4-parallel star connection diagram T-T 
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Fig. 3-95. 12-pole, 3-phase, 6-parallel star connection diagram T-T 
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Fig. 3-96. 12-pole, 3-phase, 12-parallel star connection diagram 
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Fig. 3-97. 12-pole, 3-phase, series or 2-parallel 
star connection diagram with 9 leads T-T 
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Fig. 3-98. 12-pole, 3-phase, 2- or 4-parallel 
star connection diagram with 9 leads T-T 
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Fig. 3-99. 12-pole, 3-phase, 3- or 6-parallel 
star connection diagram with 9 leads T-T 
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Fig. 3-100. 12-pole, 3-phase, 6- or 12-parallel 
star connection diagram with 9 leads 
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Fig. 3-101. 12-pole, 3-phase, series delta connection diagram T-T 
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Fig. 3-102. 12-pole,3-phase ,2-parallel delta connection diagram T-T 
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Fig. 3-103. 12-pole,3-phase ,3-parallel delta connection diagram T-T 
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Fig. 3-104. 12-pole,3-phase ,4-parallel delta connection diagram T-T 
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Fig. 3-105. 12-pole,3-phase ,6-parallel delta connection diagram T-T 


172 





Fig. 3-106. 12-pole,3-phase,12-parallel delta connection diagram 
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Fig. 3-107. 12-pole, 3-phase, series or 2-parallel 
delta connection diagram with 9 leads T-T 
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Fig. 3-108. 12-pole, 3-phase, 2- or 4-parallel 
delta connection diagram with 9 leads T-T 
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Fig. 3-109. 12-pole, 3-phase, 3- or 6-parallel 
delta connection diagram with 9 leads T-T 
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Fig. 3-110. 12-pole, 3-phase, 6- or 12-parallel 
deita connection diagram with 9 leads 
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Fig. 3-111. 14-pole, 3-phase,series star connection diagram T-T 
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Fig. 3-112. 14- 7 
g 14-pole ,3-phase ,2-parallel star connection diagram T-T 
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Fig. 3-113. 14-pole,3-phase ,7-parallel star connection diagram T-T 
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Fig. 3-112. 14-pole,3-phase,2-parallel star connection diagram T-T 
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Fig. 3-113. 14-pole,3-phase,7-parallel star connection diagram T-T 
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Fig. 3-114. 14-pole, 3-phase, 14-parallel star connection diagram 
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Fig. 3-115. 14-pole, 3-phase, series or 2-parallel 
star connection diagram with 9 leads T-T 
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Fig. 3-116. 14-pole, 3-phase, 7- or 14-parallel 
star connection diagram with 9 leads 
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Fig. 3-117. 14-pole, 3-phase, series delta connection diagram T-T 
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Fig. 3-118. 14-pole,3-phase ,2-parallel delta connection diagram T-T 
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Fig. 3-119. 14-pole ,3-phase ,7-parallel delta connection diagram T-T 
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Fig. 3-120. 14-pole,3-phase,14-parallel delta connection diagram 
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Fig. 3-121. 14-pole, 3-phase, series or 2-parallel 
delta connection diagram with 9 leads T-T 
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Fig. 3-122. 14-pole, 3-phase, 7- or 14-parallel 
delta connection diagram with 9 leads 
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TABLE 
18-POLE 3-PHASE 1 


Connections 


Sarice Sl F19F4 84987 F79F10 8109S13 F139F16 8169S19 F199F22 S229S25 Fi 
S289S831 F319F34 8349837 F379F40 S409S43 F432F46 S469S49 F499FE 


2-parallel |% F19F4 84987 F795F10 8109813 F139F16 8169819 F199F22 8229825 F: 
pa $289S31 F315F34 8345837 F379F40 S$409S843 F439F46 8469849 F499FE 


3-parallel S1 F1loF4 84987 F79F10 S109813 F139F16 S1691S19 F199F22 8223825 Fi 
P S289S31 F315F34 8341837 F379F40 S409S43 F435F46 S469S49 F499F° 


6-paralle] |931_F1>F4 84987 F7IF10 8109813 F139F16 S161819 F199F22 S229S825 Fz 
P 8289831 F319F34 8349837 F375F40 8409843 F434F46 8469849 F49>F° 


9-parallel S1 F19F4 S4187 F79F10 S$108S13 F139F16 8161819 F199F22 8221S25 Fe? 
P 8281831 F312F34 S341S837 F379F40 8401843 F435F46 S461849 F49>F° 


18-parallel |* F1UF4 S41S7 F7IF10 8108S13 F138F16 S1691S19 F19NF22 8221825 FZ 
P S28S31 F310F34 S341S37 F37[F40 S401S43 F431F46 8461849 F49iF¢ 


Series «| 93F39F6 $6989 F99F12 8129815 F159F18 S189S21 F219F24 8249827 F2 
§305833 F339F36 8362839 F399F42 $422845 F459F48 S$489S51 F519F: 


2-paralle] |83_F32F6 862S9 F92F12 $129S15 F159F18 S18>S21 F219F24 8249827 F2 
P S$302S33 F339F36 $369S39 F392F42 8429845 F459F48 S489S51 F519F: 


3-paralle] |%3 F39F6 S689 F99F12 S129815 F159F18 8181S21 F219F24 824827 F2 
pa $309S33 F339F36 S361S39 F399F42 8429845 F455F48 $489S851 FS15F° 


6-paralle] |83.F3*F6 56289 F9IF12 $129S15 F159F18 S181S21 F21>F24 S24>$27 F2 
= §$30>S33 F339F36 $361S39 F399F42 9429845 F45iF48 S482S51 F519F! 


9-parallel $3 F39F6 S6NS9 F99F12 8120815 .F155F18 8181821 F219F24 8241827 F2 
P S301S33 F339F36 S369S39 F399F42 84219845 F459F48 S481S51 F5S15F° 


18-parallel S3 F3IF6 S68S9 FOIF12 S124S15 F158F18 8188821 F211F24 8248827 F2 
P S301833 F331F36 S361S39 F390F42 8421845 F450F48 S4849S51 FSLIF: 


Sevia 85 F59F8 885811 F1l1l9F14 8149817 F17>5F20 $209S23 F239F26 $262S29 
ae S$329S35 F359F38 $389841 F419F44 8449847 F479F50 $502853 F53>F: 
2 Lie1 |85.F59F8 S82S11 F119F14 3149817 F179F20 8202823 F239F26_S262S29 
pene lee §$329S835 F359F38 S385S41 F415F44 8449847 F479F50 $509853 F539F: 
3-paralle] |85.F5?F8 S82S11 F119F14 8149817 F179F20 3201823 F23»F26 S$262S29 
pare $329835 F359F38 S381S841 F415F44 $449S47 F479F50 8509853 F53°F. 


@ | 6-paraltel i | 6-paraiter {5° F59F8 S8S11 FI1NF14 $149817 F17>F20 8209823 F232F26 S262S29 
Pateere 8325835 F359F38 $381841 F419F44 $449847 F47)F50 8509853 F53°F 


5: ley |85.F59F8 881811 F119F14 3141817 F17>F20 S201823 F23>F26 S$261S29 
—pera §321835 F359F38 $381841 F419F44 8441847 F479F50 $501S53 F53>F 
18 die] |S5.F5'F8 S8tS11 F11IF14 3141817 F171F20 $201823 F231F26 S26"1S29 
“pararre §321S35 F351F38 8381841 F411F44 8444847 F47NF50 $501S53 F53IF 
Y Connection: Connect T)> To» Ty» to line leads; connect Ty) Ts» Tg, together. 
A Connection: Ty» T¢ together to line lead; Tos T, together to line lead, T3; Ts t 
S = start of a group. 


F - finish of a group. 
T-T = Top-to-top or bottom-to-bottom or short-jumper connection. 
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C 


3-18 
-T CONNECTION TABLE 


59F28 |T, > Sl T, » $52 

2 $52 4 

S1F28 T, > S19P28 Ty > F259852 

59F28 |T, > 8198199837 T, » $1698349852 

2 $52 4 

S1F28 T, > S1sF102S199F2898379F46 Tg > F798169F2598349F439852 


59°F28 T) ? $1387 28139S81928259S8315837 28433849 
2 $52 Ty ? $4281028165S229S8289S83428409S84698S52 


‘S0F28 |[T. » §19F42875F1098135F162S192F229S8259F2898315F349837 9F402843>F4648492F52 
2852 Il 5 F15849F79S9102F139S169F1929229F2528289F3 12834 >F379S402F4398465F493852 
'7>F30 8540 02¢€@2~—C~—~CS~C<C<(Cia=<C<ua ‘(a 
7930 IT) > $3 T, > $54 

'70F30 |T. > §39F30 T. > F 

4 $54 | 2 Snare 

179F30 

17 930 T, > 8328219839 T, > 31899369954 

IT 130 T, > S39F1298219F3028399F48 T, > F99$18>F2728369F452S54 

179F30 >» §39899$159S21982798332S399845-S51 


T 
54 $54 IT? » §6981298189S242S9302836284228483854 


I7IF30 61T, > S39F69S99F129S159F 89S219F 249827 9F3028332F3628399F429S8455F482S51 9F54 
54 $54 T? > F39869F99S129F1598185F2198249F272S302F339S362F 392842 9F459S489F519854 


F292F32|T; ? 35 Tg > S2 
2 $2 


F291F32/T, > S59F32 Tg > F299S2 
2 $2 | 


F299F32/T. > 8598239841 T. >» 820983882 
» $2 3 6 


eeuNree Ts > $59F1498239F3298415F50 Tg ? F119S202F299S385F479S2 
2g 

> $598119S8172S8239S8299S3598419847 9853 

» $89S143S209S262S322S389S84458502S2 


9 $59F898112F1498179F209823 9F 26 2S295F322S835>F 382841 9F 449847 9F 502853 2F2 
> F59885F1198149F1798202F239S8269F299832>F352S8382F 41 98449F4798509F53 382 


F299F32 
2 $2 


F290 F32 
2>S$2 - 


T; 
6 
73 
6 

ogether to line lead. 

—> = connected to start or finish of a group. 

i = spot for change with respect to series connection. 
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TABLE 
20-POLE 3-PHASE 


Phase Connections 


Series Sl F19F4 S849S7 F79F10 S109S13 F139F16 S169S19 F199F22 S229S25 F 
F379F40 S409S43 F439F46 8469849 F499F52 8529855 F559F58 S58 

2-parallel |* Fl>F4 849S7 F79F10 §109S13 F139F16 8169819 F199F22 8222825 F 
P F37>F40 8409843 F432F46 8469849 F492F52 8529855 FS559F58 S858 

4-parallel |° F19F4 84987 F79F10 S109813 F13IF16 8169S19 F199F22 S222S825 F 
P F379F40 8409843 F431 F46 8469849 F499F52 S529855 FS59F58 S58 


parallel Sl F19F4 S49S7 F79F10 8109813 F139F16 8169819 F199F22 S$228S25 F. 
P F379F40 S402S43 F439F46 S461S849 F499F52 S529855 F552F58 $58 


10-paralle1 |* F1>F4 S40S8S7 F79F10 S108S13 F139F16 S164S19 F199F22 8228825 F. 
P F379F40 S4091S43 F432F46 S461S49 F499F52 8528855 F559F58 S58 


20-parallel Sl PliF4 S44S7 F7IF10 $108813 F130F16 S16S19 F19IF22 8221825 F. 
P F370F40 S400S43 F430F46 S461S49 F49NF52 85298855 F55aF58 S858 


S3 F39F6 S62S9 F99F12 8129S15 F159F18 8189821 F219F24 S249S827 F. 
F399F42 S429S45 F459F48 S489S51 F519F54 8549857 F57>F60 S60 


2-parallel {2° F39F6 S62S9 F99F12 $129S15 F159F18 8189821 F212F24 8249S27 F: 
P F399F42 S429S45 F452F48 S489S51 F519F54 $549857 F572F60 S60 


S3 F39F6 S6989 F99F12 S129S15 F15IF18 8189S21 F219F24 S242S27 F: 
F399F42 8429845 F45iF48 $489S51 FS1loF54 8549857 F57>F60 S60 


1 {88 F3>F6 862S9 F9SF12 8120815 F159F18 S189S21 F219F24 S241S27 F: 
F399F42 8429845 F45>F48 8481851 F519F54 8549857 F57>F60 S60 


10-parallel S3 F39F6 S6nS89 F99F12 S$128815 F152F18 818882] F219F24 $2414827 F: 
P F399F42 S420845 F459F48 S488851 F515F54 S541S57 F572F60 S60 


Series 


4-parallel 


S-paralle 


TUTTE 


20-parallel S3 F3IF6 S6#S9 FOWF12 S128S15 FISIF18 8188821 F214F24 S248S27 F: 
P F39IF42 S420S45 F45iF48 8488851 FSLAF54 S540857 FS7IF60 S60 





S5 F5eF8 S89S11 F119F14 8145817 F179F20 8209823 F239F26 S269S29 
F413F44 8449847 F479F50 8502853 F539F56 8569859 F599F2 S2 
2-parallel S5 F59F8 S89S11 F1139F14 §149817 F172F20 8209823 F239F26 8262829 


Series 


F 


F419F44 8449847 F479F50 8509853 F539F56 8569859 FS99F2 S2 


| 4-parallel S5 F5°9F8 S82S11 F119F14 8149817 F17IF20 S205S23 F239F26 S262S29 
P F419F44 8449847 F478F50 8502853 P535F56 $562S59 PS99F2 S2 


! C 5-parallel |°° F59F8 882811 F115F14 $141817 F179F20 8209823 F232F26 S261S29 
P F419F44 8449847 F479F50 S508S853 F532F56 8569859 F599F2 S82 


10-parallel S5 FS9F8 S84#S11 F119F14 8148817 F179F20 S200823 F239F26 S264S29 
P F419F44 S440S47 F475F50 8501853 F535F56 S561859 F599F2 82 


mia aes — 


20-parallel SS F5iF8 S84S11 F118F14 $148S17 F178F20 S208S23 F23NF26 S260S29 
F419F44 8440847 F471P50 S501S53 FS38FS6 S561S59 FS9IF2 S2 


Y Connection: Connect Ty; To; Ts; to line leads; connect Ty, Ts» Tg, together. 
A Connection: Tye T¢ together to line lead; T 
S - start of a group. 


T, together to line lead; T 


9° 4 T. te 


3’ 5 


F - finish of a group. 


T-T = Top-to-top or bottom-to-bottom or short-jumper connection. 
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3-19 


-T CONNECTION 


59F28 
5°F28 
59F28 
5>F28 


59F28 


5mF28 


7>F30 
7>F30 
73F30 
72F30 


79F30 


$289S831 
§281S31 
$288 S31 
$289S31 


§281S831 


$281831 


8302833 
8301833 
8301833 
$309S33 


8301833 


$301S33 


TABLE 


F319F34 


F319F34 


F319F34 


F319F34 


F319F34 


F319F34 


F33F36 


F33>F36 


F339F36 


F339F36 


F332F36 


F33 0F36 


$349S37 
8349837 
8349837 
8341837 


$341837 


8341837 


S$369S39 
$365S39 
S363S39 
8361839 


$361S39 


$361839 


F299F32 §329835 F355F38 $389841 
F299F32 S32§835 F359F38 8383841 
F299F32 S328835 F359F38 8385841 
F299F32 S$329835 F359F38 S381S841 


F299F32 S321835 F359F38 8381841 


F29NF32 S320835 F35NF38 S381841 


gether to line lead. 


= 
to 


Indo? sis? oo? oo Ts ; nt oo "tO “hO7 
vivvivy Vivvi vv 


wo 


v 


Leads 


§1 Tg >» §58 


$19S31 Ty ? §282S58 


S12F169S31 >F46 T, ? F139S28>F432S58 


$19S133825%S373S49 
$109S2298348462858 


$19S79S8139S19982539S31>8379S8S432S8499855 
849S810981628S229828983498402S8S469S8525S8S58 


§819F45$879F1098139F169S192F229825>F282831> 
F349S37 9F402S439F4658499F529S55>F58 
F19S45F79S8109F139S165F192S8222F252S28>5F31> 
$349F373S409F439S8S469F499S525F553S58 


83 Ts > S60 


$3833 Ts > §302S60 


$32F185S33>5F48 Ts ? F1598309F452S60 


§39S152S2798395S51 
$1238245S8362S48S60 


8398998 1598219S82729S332S8392S8459S8S519857 
$69S129S1898242S3032S8365842384828543S60 


S83>F69895F1298155F1898215F 249827 9F309S33> 
F369S399F4298459F4893951 9F5498575F60 
F39S69F92S129F159S189F2198249F279S8309F33> 
8369F399S425F452S489F519S8549F572S60 


S5 T¢ > 82 

$59S35 Tg >» $322982 
S52F202S8359F50 T¢ >» F172S3239F472S2 
$59S8S179S292S419853 

81498269838 9S503S82 
§$598119S179S239S299S359S419S84729S853 9859 
$898149S209S 26 9S3239S3829S8449S509S562S2 

5 59F858119F1498179F202823>2F2698299F322835>5 


F382S419F449S8475F5098539F569S599F2 
F52S889F119S149F175S8S209F239S269F2998329F359 
S385F4198449F4728509F5398569F59>S2 


>= connected to start or finish of a group. 
| = spot for change with respect to series connection. 


TABLE 


22-POLE 3-PHASE 


Phase Connections ‘ 
Series Sl F1l9F4 S4987 F79F10 §1098S13 F139F16 8169819 F199F22 S229S825 F 
F372F40 S409S43 F439F46 8469849 FP499F52 S529S855 F559F58 $5838 


2-parallel Sl Fl9F4 84987 F7>F10 8109S13 F139F16 S169S19 F199F22 $222825 F 
F379F40 8409843 F439F46 S469S49 FP499F52 $529S55 F559F58 8589S 


paratter parent |® F1loF4 S40S7 F79F10 S108S13 F139F16 S164S19 F199F22 $221825 F 
F379F40 S400S43 F435F46 8461849 F499F52 S521S55 F552F58 S58IS 


22-parallel |* FLIF4 S40S8S7 F7NF10 S101S13 F13IF16 S164S19 F19i1F22 S224§825 F 
pa F371F40 S4098S43 F43 1F46 S461849 F494F52 S521S55 FS5IF58 S588S 


series series — [8 F39F6 S6>S89 F9SF12 8129815 F159F18 8189821 F219F24 8249827 F 
F399F42 8429845 F459F48 8489851 P519F54 8549857 F572F60 S609S 


2-parallel S3 F39F6 S69S9 F99F12 8129815 F159F18 $182S21 F219F24 S249S27 F 
pa F399F42 8429845 F45F48 S489S51 F519P54 8549857 F572F60 S60S 


1l-parallel S3 F39F6 S6KS9 F99F12 S129S15 F159F18 S18#S21 F219F24 S241S27 F 
pa F399F42 8428845 F455F48 S484S51 P519F54 $549S57 F579F60 S604S 


22-parallel |°° F3IF6 S6KS9 FONF12 S128S15 F15IF18 S181S21 F211F24 8241827 F 
pa F39§F42 8420845 P450F48 S481S51 FSLWP5S4 S541S57 FS7sF60 S60KS 


Series S5 FS2F8 $89S11 FP119F14 8142817 F179F20 8209823 F23>F26 8262S29 
F419F44 8449847 F479F50 8509853 F539F56 S569S59 F599F62 S629S 


2-parallel |®° PS9F8 S89S11 F119F14 $143S17 F17>F20 8209823 F239F26 8269829 
P F419F44 8449847 F479P50 8509853 F539F56 S569S59 F59>F62 8629S 


F59F8 S88S11 F119F14 $144S17 P17sF20 $208823 F239F26 S26||S29 


c 
piepemie | 
penned F419F44 S444S847 F479F50 S50US53 F539F56 S561S59 F595F62 S621S 


22-paralle) |85.FO'FS S8tS11 F110F14 $141S17 F17#F20 S20NS23 F23IF26 8261829 
P F411F44 8441847 F471F50 S501S53 F53NF56 S561S59 F59IF62 S62NS8 


Y Connection: Connect Ty> To, T3, to line leads; connect Tyg; Ts, Tg» together. 

A Connection: T)> Tg together to line lead; To» Ty together to line lead; T3, Ts t 
S = start of a group. 
F = finish of a group. 


T-T = Top-to-top or bottom-to-bottom or short-jumper connection. 
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— 3-20 


T-T CONNECTION 


259F28 8289S31 
61 F619F64 S64 


259F28 8282S31 
61 F61>F64 S64 


259F28 S281831 
61 F619F64 S64 


251F28 8288831 
61 F61NF64 S64 


279F30 8309833 
63 FP635F66 S66 


279F30 8309833 
63 F63>F66 S66 


279F30 S308833 
63 F639F66 S66 


271F30 S308S33 
63 F63IF66 S66 


F299F32 S329835 F359F38 S389S41 


6S F659F2 82 


F299F32 S329835 F350F38 S38>S41 


5S F659F2 S2 


F299F32 8321835 F359F38 S381S841 


55 F65°9F2 S2 


F29IF32 8320835 F35aF38 S381S841 


3S F6SNF2 S82 


TABLE 


F319F34 $349S37 


F311F34 8349837 


F319F34 8341837 


F311F34 $341S37 


F339F36 8362839 


F331F36 8362839 


F339F36 S$361839 


F331F36 8361839 


gether to line lead. 


Leads 
T, > 81 > 864 
T, > S15F34 Tg > F319864 
T) ? 819872S1398199825983198379843984998559S861 


'™%? 8498102816 2S8S229S289S3498402S462S522S585S64 


> 819F49879F 109813 92F169S199F2228259F 2858315 
F34983739F 409843 9F469S492F5298559F583S619F64 


9 F198495F798109F139S162F1992S229F259S28F31> 
S34 9F379S409F439S469F499S529F 5599589619864 








T. >» S66 


> §3>5P36 > P332S66 
> 8398998159821 98279833 983998455851 98579863 
9 869S129S182S24 983058365842 984828542S602S66 


> 82 


> 839F69S99F1298159F189S21 9F249S27 9F 3038335 
F369S8399F4298459F489S51 9F 549857 5F609863 5F66 


T. 9 F39S69F99S129F1598189F219S249F 27 9S305F334 


° S369F392S429F459S489F519S549F57 98602F63 9S66 





Tz > 85 Tg > 82 


> 859F38 > F35982 


9 $598119S179823 98299S8355984159S47 285398593865 
r > $898149S203S269S3258382S44 98509856 2862982 


> §59P89S8119F1498179F20982339F2698299F3298352 
F389S419F4498479F509S8535F 565859 2F6228659F2 
> F59S889F119S8149F179S202F2398269F299S329F35> 
$389F4198442F4798509F532S8569F599S622F652S2 


T3 
T.5 





connected to start or finish of a group. 


spot for change with respect to series connection. 


shalieeaee Google 


‘y 


24-POLE 
Connections 
Sl F13F4 849S7 F79F10 S109S13 F139F16 S169S19 F195F22 $229S825 F25eF28 


S469S49 F499F52 §525S55 F559F58 S585S61 F615F64 S649S67 F672F70 S70 


2-parallel S81 Fl9F4 84987 F79F10 S109S13 F135F16 S163S19 F199F22 S225S825 F253F28 
P S469S49 F499F52 $5239S55 F559F58 S585S61 F613F64 S649S67 F67sF70 S70 
3-parallel Sl F19F4 S49S7 F79F10 S103S13 F135F16 S169S19 F199F22 $221S25 F259F28 
P S461S49 F499F52 8529855 F559F58 S582S61 F619F64 S645S67 F673F70 S70 


Sl F1l%F4 S49S7 F7°F10 $109S13 F139F16 S168S19 F1995F22 S222S25 F259F28 
$469S49 F499F52 S5211855 F559F58 8583861 F615F64 S649S67 F67>9F70 S70 
Sl 
1 


F1l9F4 $49S7 F79F10 S10NS13 F139F16 $169S19 F199F22 S221S25 F259F28 
S461S49 F499F52 $529S55 F559F58 S58iS61 F619F64 S649S67 F679F70 S70 


F1eF4 S49S7 F7IF10 S109S13 F139F16 S16NS19 F199F22 S225S25 F25nF28 
$469S49 F499F52 $528S55 F559F58 S589S61 F61UF64 S649S67 F679F70 S70 


Sl F13F4 8487 F79F10 S10IS13 F135F16 S16NS19 F199F22 S221S25 F259F28 
S461S49 F499F52 S520S55 F559F58 S58U861 F615F64 S641S67 F679F70 S70 


6-paralle 


8-parallel ol 


FLIF4 S487 P7IF10 8101813 F13iF16 8161819 F1I9IF22 S221S25 F25iF28 
$461S49 F498F52 8520855 FSSIFSS8 S58iS61 F6LIF64 S641S67 F67IF70 S70 


S3 F34F6 S69S9 F99F12 8129S15 F159F18 8189821 F219F24 $243S8S27 F27>F30 


24-parallel 51 
$483S51 F519P54 8549857 F573F60 S6029S63 F635F66 S662S69 F69+%F72 S72 
F39F6 S69S9 F99F12 8$129S15 F159F18 $189S21 F219F24 $249S27 F274F30 


2-parallel |*% 
P ~ $489851 F519F54 8549857 F573F60 $609S63 F635F66 S663S69 F699F72 $72 


“parallel |°".." F3>F6 S69S9 F9SF12 8129815 F155F18 S$189S21 F21sF24 S241S27 F273F30 
oP S48iS51 F519F54 8549857 F579F60 S609S63 F63>F66 S665S69 F692F72 S72 


4-parallel |°° F39F6 S69S9 F9%F12 $129S15 F159F18 S$18iS21 F21sF24 8249827 F273F30 
P 5489851 F519F54 S54857 F579F60 S60°S63 F63>F66 S662S69 F699F72 S72 


6-naralilel S3 F39F6 S69S9 F9%F12 S121S15 F159F18 S$189S21 F219F24 $24iS27 F27>F30 
P S480S51 F519F54 $549S57 F579F60 S601S63 F63>F66 S663S69 F699F72 S72 


F39F6 S69S9 FOIF12 S129S15 F159F18 $181S21 F219F24 S24+S27 F27\IF30 
S489S51 F519F54 85411857 F575F60 S602S63 F631IF66 S662S69 F695F72 S72 


S3 F39F6 S689 F99F12 $120S15 F159F18 S181S21 F219F24 $24S27 F273F30 
S4810S51 F519F54 S5411S57 F575F60 S601S63 F63>5F66 S66IS69 F699F72 872 


8-parallel 83 


12-parallel 


F3IF6 S6S9 F9IF12 S12S15 F15IF18 8181821 F21iF24 8241827 F27\F30 
S48S51 PSLIFS4 S541S57 FS71F60 S601S63 F63IF66 S66IS69 FE69IF72 S72 





TABLE 


3-PHASE 


$289S31 


$289S31 


$2883] 


$2883] 


8289831 


§283S31 


$281831 


$281S31 


$309S833 


$30833 


$3083] 


8309833 


8303833 


8303833 


$301833 


S301S32 


24-parallel 83 
Series 85 F59F8 S89S1l1 F119F14 $149S17 F179F20 8209S23 F23>F26 S269S29 F299F32 $325 
F479F50 S509S53 F533F56 S569S859 F599F62 S629S65 F652F68 S689S71 F719F2 S2 
2-naralle} S5 FS9F8 $83S11 F119F14 8149817 F17%F20 S209S23 F239F26 S26%S29 F299F32 S325 
P F479F50 S509S53 F539F56 S569S59 F599F62 S629S65 F659F68 S689S71 F71%F2 S2 


-3-parallel S5 F59F8 S83S1l1 F1195F14 $149S17 F172F20 S209S23 F23%F26 S26IIS29 F29%F32 S32>! 
P F479F50 S50NS53 F539F56 8569859 F59>F62 S629S65 F65>F68 S689S71 F713F2 S2 
4-parallel 


$5 F59F8 $89S11 F113F14 $149817 F175F20 S20iIS23 F239F26 $26S29 F299F32 $32>! 
F479F50 $509853 F539F56 $561859 F599F62 S622S65 F659F68 S685S71 F719F2 S2 
6-parallel |°° 


F59F8 S89S11 F113F14 S$140S17 F179F20 S209S23 F233F26 S26NS29 F29%F32 S32: 
F479F50 SSO0NS53 F539F56 S569859 FS99F62 S621S65 F659F68 S689S71 F719F2 S2 


F59F8 S89S11 FL1LIF14 8149817 F179F20 S2011S23 F239F26 82679829 F29\|F32 S32>: 
F470F50 S509S53 F533F56 S561S59 F599F62 S623S65 F65IF68 S683S71 F719F2 S2 


12-parallel SS F5eF8 S8IS11 F11l9F14 $140S17 F179F20 S201S23 F23+F26 S26lS29 F299F32 S321 
vers F473F50 $501S53 F539F56 S56NS59 F599F62 S62IS65 F659F68 S68|/S71 F714F2 S2 






8-parallel S95 





FSIF8 S8IS11 F1LIF14 S141817 F17IF20 S20NS23 F23"F26 S261S29 F29IF32 S32ii 
F47iF50 S500S53 FS3IF56 S561S59 F59IF62 S62IS65 F65IF68 S68IS71 F71IF2 S2 


24-parallel 55 
¥ Connection: Connect Tj» Tos T3, to line leads, connect T,, Ts, Tg) together. 
A Connection: Ty; Tg together to line lead; To, '%, together to line lead; T3; Ts together to li 
S = start of a group. 
F = finish of a group. 
T-T = Top-to-top or bottom-to-bottom or short-jumper connection. 


199 


pigiesaby Google 


3-21 
T-T CONNECTION TABLE 


F319F34 8349837 F379F40 8409843 F435F46 


F319F34 8348837 F379F40 8409843 F439F46 


F319F34 8349837 F372F40 8402843 F439F46 


F319F34 8341837 F379F40 8409843 F43>F46 


F319F34 8345837 F379F40 84092843 F43>F46 


FP319F34 $349837 F379F40 8402843 F431 F46 


P319F34 8341837 F379F40 S401843 F435F4¢ 


F311F34 


F339F36 8369839 F399F42 8429845 F459F48 


F339F36 S360S39 P399F42 84229845 F459F48 
F339F36 $369839 F399F42 8429845 F452F48 
FP339F36 8361839 F399F42 8425845 F459F48 
F339F36 8368839 F392F42 8429845 F45sF48 
F339FP36 S368839 F399F42 8429845 F451F48 


F339F36 8361839 F399F42 8421845 F450 


F330F36 8368839 F39IF42 8421845 F451F48 


35 F359F38 838841 F419F44 8449847 
35 F359F38 8380841 F419F44 8445847 
35 F359F38 8385841 F419F44 8449847 
35 F359F38 8380841 F419F44 8449847 
35 F35-F38 S381841 F419F44 8449347 
35 F359F38 8388841 F419F44 8448-4 


35 F359F38 8389841 F419F44 544154 


35 F35iF38 8388841 F41iF44 8449847 





e lead. 


8348837 F879F40 S401S43 F431F46° 


T, 2 81981398254S3728499S861 
T + $1028229834984628583870 
za 


% §129F1028199F289S372F4628552F64 
» F72S162F252S342F432S525F612S870 
9 819872813981928252S3198§ 3432984928552S6186 
ri % §4981028162S22+S8S282S34284098462S5228585S8645870 
Ty} ® $19F49872F102S8S135F1698199F2228255F2898312F342837> 
F402843 9F4628499F5228552F582S8S61 »F6428672F70 
4 













>» F19S45F72S109F132S162F199S8229F252S285F3142S345F37> 
8402F43 9846 9F 499852 2F552358+F61 2864 2F675870 


To >? $3 Ts » 872 
To > 839839 Ts » 8369872 


To >» 8328272851 Ts » 82428482872 


To 2 $328219S399857 Ts » $189836+85428S72 
T, » 83981598274983998519863 
T? » $1238249836284828602872 


> 
4 839F1298219F302S395F489857>F66 
> 









T 
T? 9 F998189F279S369F459854 97632872 
> 835899815952 198279533985999459951 99579863 2068 
T2 +» $6981281898249830983698422948485423604866287 
9F6628699F72 





F429845+F48 9851 9F 549857 »F605S63 
> F39969F993129F1598189F2128242F272S302F332S369F39> 
842 9F4599489F51 9854 9F572860+F63 +366 »F692872 













T3 ? $5+S829585S Tg » 826285082 


T, > 8598239841859 Tg > 32098389856282 
T, 9 8598179S2998412953>865 
T? > 8142826283828502862982 

§59F1498259F 329941 975025505 FE 


? > > ? 280k BE 
198209F299838 9F47 2856 >F652S2 
; 5353941964 














> 
> 
> 
> 
> 
> 
> 


3744284797 5098534F5648592F62986 9F685871F2 
Tg > F59989F1128149F1728209F 239826 2F 292832 9F 352838 2F41 
9844 9F47 28509F53 9856 9F5928625F6528689F71 282 


+= connected to start or finish of a group. 
| = spot for change with respect to series connection. 


piesa Google 


TABL. 
26-POLE 3-PHASE 


Connections 


S1 F19F4 84987 F795F10 $109S13 F139F16 S169S19 F199F22 8229825 | 
Series 8349837 F37>F40 8409843 F439F46 S469S49 F499F52 $529855 F555) 
S649S67 F679F70 S709S73 F739F76 S76 


Sl FloF4 84987 F79F10 S109S13 F139F16 S169S8S19 F199F22 $229S25 | 
2-parallel 8349837 F37IF40 S409S43 F439F46 S465S49 F499F52 8529855 7559 
S649S67 F679F70 S709S73 F739FV6 S76 


S1 F1l9F4 S41S7 F79F10 S108S13 F139F16 S164S19 F1992F22 S224S25 | 
13-parallel S344S37 F379F40 S401S43 F439F46 S461IS49 F499F52 S52NS55 F55>) 
S641S67 F679F70 S701S8S73 F739F76 S76 


Sl FliF4 S487 F7F10 S108S13 F13IIF16 S16#S19 F19NF22 S22uS25 | 
26-parallel S344S37 F37#F40 S408S43 F43NF46 S461S49 F49NF52 S52WS55 F558) 
S641S67 F67KF70 S708S73 F73F76 S76 


S3 F39F6 S69S9 F9SF12 S129S15 F159F18 S$189S21 F219F24 S249827 |] 

Series S362S39 F399F42 8429845 F459F48 8489851 F519F54 $549S857 F57>) 
S669S69 F699F72 S729S75 F759F78 S78 

S3 F39F6 S69S9 F99F12 8129815 F159F18 S18>S21 F219F24 8249827 |] 

2-parallel S362S39 F391F42 S429S45 F459F48 S489S51]1 F519F54 8549857 F575) 

S3 F39F6 S6IS9 F99F12 S120S15 F159F18 S181S21 F219F24 S241S27 | 

13-parallel S369S39 F399F42 S421S45 F459F48 S488S51 F519F54 S5411857 F579) 


S665S69 F699F72 S729S75 F759F78 S78 
S66§S69 F699F72 S724S75 F759F78 S78 


S3 F3aF6 S689 FOIF12 $124S15 F1I5"F18 S181S21 F21NF24 S241827 | 
26-parallel S361839 F39NF42 S428S45 F450F48 S484S51 F51/1F54 S5411S57 F574) 
S6640S69 F69IF72 S720S75 F75NF78 S78 


SS FS9F8 S89S11 F1lsF14 8149817 F179F20 $209S23 F232F26 S262S2: 
Series S389S41 F419F44 S449S847 F479F50 S509853 F539F56 S569S59 F59>) 
S689S71 F719F74 S749S77 F779F2 S2 


S85 FS9F8 S89S11 F119F14 8149817 F179F20 $209S23 F239F26 S263S2: 
2-parallel S383S41 F410F44 8449847 F479F50 S502S53 F539F56 $569S59 F59>) 
S6898S71 F719F74 S749S77 F779F2 S2 


S5 FS9F8 S8iS11 F119F14 S14NS17 F172F20 S208S23 F232F26 S26iS2: 
13-parallel S381S41 F419F44 S441S47 F479F50 S508#S53 F539F56 S561S59 F59>) 
S68S71 F719F74 S744S77 F779F2 S2 


S5 FS&F8 S8NS11 FILNF14 S144S17 F17&F20 S201S23 F231F26 S26KS2: 
26-parallel S384S41 F41iF44 S44'S47 F47IIF50 SSONS5S3 FS3IIF56 SS56IIS59 F591) 
S68I1S71 F714F74 S740S77 F77iF2 S2 


Y Connection: Connect Ty) To, Ts, to line leads; connect Tg, Ts, Tg, together. 
A Connection: Ty: T¢ together to line lead, To» TN, together to line lead; Ts, Ts ° 
S = start of a group. 
F = finish of a group. 
T-T = Top-to-top or bottom-to-bottom or short-jumper connection. 
201 


3-22 
[-T CONNECTION TABLE 


252F28 S289S31 F319F34 
58 S589S61 F619F64 


259F28 S289S31 F319F34 
58 $589S61 F615F64 


259F28 S28IS31 F31>9F34 
58 SS8IIS61 F615F64 


250F28 S281S31 FSLIF3S4 
58 S58IIS61 F61IF64 


279F30 $309833 F333F36 
30 S609S63 F63>°F66 


279F30 8309833 F339F36 
30 S609S63 F639F66 


279F30 S308S33 F339F36 
30 S60NS63 F63>F66 


270F30 S30NS33 F33NF36 
30 S60IIS63 FE3IF66 


F299F32 8329835 F359F38) T 


52 8629865 F659F68 


F299F32 S8329S35 F359F38|T 


52 S629S65 F659F68 


F299F32 S320835 F359F38 


52 S620S65 F65°9F68 


F29NF32 S320S35 F35SIIF38 


12 S62US65 FESIF6S8 


gether to line lead. 


> 81 » S76 












> S1>F40 > F379S76 





$19879S8132S192S252S315S8372843984928552S8619S679S873 
849S109S1698229S 289S34984052S462S522S582S649S702S76 


$19F49S79F109S139F169S199F2298255F2898319F349S37>F40> 
8439F469S8499F5228552F582S615F6498679F702S73>F76 

TM, 9 F19S849F72S8109F132S169F199S229F255S8S289F312S349F372S840> 
| __—«F439S469F4998529F559S589F619S649F6798S709F732S76 






S32F42 Ts >» F399S78 


$39892S159S8S219S272S3398392S8452S519S579S632S699S75 
8698122S189S249S309S369S84259S8S489S545S8602S669S72 5878 


$39F62S99F 1298159F 185821 9F2498275F309S33 2F362S395F42> 
8459F482S519F549857 9F609S635F669S699F729875>F78 
F39S869F99S8S129F159S189F2198249F279S309F339S369F399842> 
—_F459848975198549P5798609F639S669F6928729F759578 


Tg ? S2 


> S59F44 Tg >? F419S2 





8598119S8179S239S299S359841 9847 9S539S8592S8659S8719S77 
88S 149S2098269S3238382844 58502856 9862986858 74982 


859F89S119F1498179F205S8232F269S8299F3228359F38841> 
9F449S479F505S8S 53 9F5698599F629S8S655F68 9871 9F 749877 2F2 
F59S85F1193149F179S209F23 9826 9F299S329F355S389F 419 
98 449F4798509F53>S569F599S629F659S689F71 9874 9F779S2 





L 
i 


= connected to start or finish of a group. 
spot for change with respect to series connection. 


eg eer RE EEE’ 


TABLE 


28-POLE 3-PHASE 


Connections 


Series Sl F1eF4 84987 F7>F10 S$109S8S13 F139F16 8169819 F199F22 8222825 F259F28 828283: 
F439F46 8469849 F499F52 8529855 FSS5F58 8589861 F619F64 8649867 F67>F70 S87 


81 Fl>F4 84987 P79F10 8109813 F135F16 8169819 F199F22 8229825 F259F28 828983 
F439F46 8469849 F499F52 8529855 F559F58 8589861 FP61>F64 8649867 F6739F70 S7 


S1 F1oF4 84987 P79F10 8109813 F139F16 S163S19 FI9IF22 8229825 F259F28 S28S3 
F439F46 8462849 F499F52 8529855 FS59F58 8589S61 F61IIF64 S649867 F679F70 87 


81 P19F4 84187 F79F10 8101813 F139F16 S161S819 F199F22 8221825 F259F28 828183 


7-paralle1 |° F13F4 $4987 FP79F10 8101813 F139F16 8169819 F199F22 S822NS25 F252F28 828983 
pa F439F46 3461849 F499F52 8529855 FS59F58 8581861 F6159F64 8649867 F67>F70 S87 
Aa-paraiiel F439F46 8461849 F499F52 8521855 F559F58 858861 F61>F64 8641S67 F67>F70 87 





28-parallel |°2 F1IF4 S41S7 F7IF10 $101813 F13IF16 8161819 F191F22 3221825 F25IF28 $281S3 
P F430F46 S461S49 F49IF52 8521855 FSSIFSS8 SS8NS61 F61 UF64 S641S67 F67IF70 S17 


$3 F39F6 S6989 F92F12 8129815 F159F18 8189821 F219F24 8249827 F279F30 8305S: 
F459F48 8489851 F519F54 8549857 F579F60 8609863 F639F66 S665S69 F699F72 Si 
S83 F39F6 86>S9 F9%F12 $129815 F153F18 8189821 F219F24 8245827 F279F30 S309S: 
F452F48 8489851 F519F54 8549857 F579F60 S602S63 F63>F66 S669S69 F699F72 8‘ 


83 F39F6 86989 F929F12 S129815 F152F18 8189821 F21"F24 8249827 F279F30 $3098: 
F459F48 8489851 F519F54 8549857 F572F60 S602S63 F63 IF66 S662S69 F69>F72 S' 


7-parallel 83 F3>F6 S6989 F99F12 8121815 F159F18 8189821 F21>F24 S244S27 F279F30 8309S: 
P F459F48 8481851 F519F54 8549857 F573F60 S60KS63 FE32F66 S662S69 F692F72 S’ 


14-paralle1 |93_F3>F6 S61S9 F9IF12 S$128S815 F159F18 8181821 F219F24 8241827 F279F30 S301: 
pa F459F48 8481851 F519F54 8541857 F575F60 S60\IS63 FE35F66 S66IS69 F699F72 S' 


28-parallel |= F3IF6 S61S9 FONF12 8121815 F15NF18 S181S21 F21NF24 S24S27 F27IF30 S30KS: 
P F45iF48 8481851 FS1iIFS4 8541857 FS7IF60 S60IS63 FE3AF66 S66IS69 F6E9IF72 S' 


Series 85 F59F8 889811 F11l9F14 8149817 F17sF20 82039823 F239F26 8265829 F299F32 832 
F479F50 8509853 F539F56 S5639S59 F599F62 S629S65 F659F68 S689S71 F7139F74 S 


F479F50 $509853 F539P56 §563859 F599F62 8629865 F659F68 8683871 F713F74 8 
| A-paraiiel 85 F59F8 889811 F119F14 8149817 F179F20 8209823 F23NF26 8262829 F299F32 832 


| -paraiiel 85 F59F8 $8981] Fl1l0F14 8149817 F179F20 8209823 F23>F26 8269829 F299F32 S32 


F479F50 8509853 FS39F56 8562859 F599F62 S629S65 F65IIF68 868871 F71>F74 S 
7-parallel S85 FS59F8 889911 F1l9F14 8149817 F179F20 8209S23 F232F26 S261S29 F299F32 $32 
pa FP47>F50 SSONS53 FS539F56 8569859 F599F62 S62"S65 FE55F68 S682871 F71>F74 § 


85 F59F8 S81S11 F119F14 8141817 F179F20 820/823 F239F26 S261S829 F299F32 S32 
F479F50 S508S53 P539F56 85640859 F595F62 S62)1IS65 F65>F68 S681S71 F71>F74 § 





28-parallel |2° F5IF8 S$81S11 F1lIF14 8141817 F171IF20 8201823 F231F26 S261S29 F29IF32 S832 
P F471F50 S508S53 FS3IFS6 S5618S59 FS9IF62 S621S65 F6ESUF68 S681S71 F71uF74 § 


Y Connection: Connect T)> To» T3, to line leads; connect T 4, Ts, Tg, together. 

A Connection: Ty; Tg together to line lead; Tos 1%, together to line lead; T3) Ts together to | 
S = start of a group. 
F = finish of a group. 

T-T = Top-to-top or bottom-to-bottom or short-jumper connection. 


203 


-T CONNECTION TABLE 


F319F34 8349S37 F379F40 8409843 
873 F739F76 S769S79 F799F82 S82 


F319F34 $349S37 F379F40 8401843 
873 F739F76 S769S79 F795F82 S82 


F319F34 8349837 F379F40 8401843 
873 F739F76 S769S79 F799F82 S82 


F319F34 S341IS37 F379F40 S409S43 
873 F739F76 S769S79 F799F82 S82 


F313F34 $34\IS37 F379F40 S401S43 
873 F739F76 S761S79 F799F82 S82 


F31LIF34 S341S37 F37IF40 S401843 
$73 F731F76 S76)S79 F79I\F82 S82 


F339F36 $369S39 F399F42 8429845 
S75 F759F78 S783S81 F819F84 S84 


F339F36 S3698S39 F399F42 S42/|S45 
875 F759F78 S789S81 F81F84 S84 


F339F36 8369S39 F399F42 84211845 
875 F759F78 S783S81 F819F84 S84 


F3339F36 S361/S39 F399F42 8429845 
875 F759F78 S789S81 F815F84 S84 


F339F36 S36/1IS39 F399F42 S4211845 
875 F759F78 S78iiS81 F815F84 S884 


P33 11F36 S361S39 F39IF42 S4211S45 
875 P75 IF78 S78|S81 F8liiF84 S84 


5 F359F38 S389S41 F419F44 S445S847 


377 F779F80 S803S83 F839F2 S2 


5 F359F38 S389S41 F419F44 84411S47 


377 F773F80 S809S83 F83%F2 S2 


>} F359F38 83839841 F4139F44 84411847 


377 F779F80 S809S83 F839F2 S2 


) F359F38 S$381S41 F419F44 8449847 


177 F77>F80 S809S83 F839F2 S2 


} F359F38 S381S41 F419F44 8441847 


177 F779F80 S80lS83 F839F2 S2 


) F350F38 8381841 F4lliF44 8441847 


177 F77UF80 S80)/S83 F83IIF2 S2 


lead. 


SS eas 


Ty > Sl T4 > $82 
T) > $19843 T,4 > $40>S82 
T) > §19F223S43>F64 T, > F199S403F613S82 










> $198 139S25983739S8493S8615S873 
a $105S229S34>S469S583S70S82 


Ty) 9 §19879S1398S192S253S8315S37 2843 984998559861 38672S734879 
ag¢? 849S109S8S16982228S28+S349S405S462S52385838645S8S7038S765S82 


T, ? $19F49S79F109S133F169S199F22598253F2898319F349S37>F40> 
8434F463S499F529S559F583S615F645S67 9F709S733F 769879 >F82 
Tg > F19S45F79S109F139S165F199S229F259828 9F3159S34>F379S40> 
P439S463F499S8529F559S58>F6198649F679S705F739S769F792S82 


T 
rl 









Ty > 83 


Ts > 884 


Ty > 839845 Ts ? 8423884 


Ty ? 839F249S845>F66 


Ts > F219S42>F633S84 





> $129S2458365S8S48>S602S724S84 


Ty > $398939S15952158279833 98393S4538519S573S63 986998759881 
t > $698129S189S2498305S36 384298485854 5S8S602S86698723S8S783S884 


Ty > 83>F65S99F123S155F185S215F249S27 9F3098339F3698S394F 425 
S$459F489S51 9F549S57>F609S63 >F66 »S699F7239S7559F785S81 9F 84 

5? F33S69F99S123F159S183F219S8245F273S305F339S363F399S42> 
F459S489F 519854 9F575S605F635S665F6938729F753S8S785F 815884 


eee ene ee ee 


T3 > $5 Tg > S2 


7 % $398159S279S399S519S8639S75 
9 













T 





Ts > 859847 Tg ? 844982 


T, > S59F269S47>F68 Tg ? F2339S44>F65>S2 


T, % 859S81738299S841985398659877 
Te +» $1498269838>85099629S874982 


Ta > $59S8119S179S2398299S8353S419S479853985998655S8714S77 S83 
tr * $89S149S209S8269S832983838449S509856 3862 2S68S743880382 
3 


x 


> §$59F89S115F149S173F209823>F263S8S294F329S35eF383841>5F 44> 

$47 3F509S53 9F 56 9S599F625S659F685S719F 749877 sF 805883 >F2 
Tg > P59S89F119S149F179S209F 233826 3F 299832 9F3539S389F 4158445 
F479S509F539S56 9F599S625F659S8689F719S74 3F779S80>F83 982 





> * connected to start or finish of a group. 


{ = spot for change with respect to series connection. 


pigiesaby Google 


piaeaby Google 


piaeaby Google 


TABLE 
30-POLE 3-PHASE 1 
Connections 


81 F19F4 $4287 F7+F10 $100S13 F13sF16 S162S19 F19*F22 S229S25 F259F28 S28+S31 F31>F34 
P499F52 $529855 F552F58 $587S61 F61+F64 S642S67 F679F70 S702S73 F73+F76 S76S79 F79- 


Sl Pl2P4 84987 F7°F10 810°S13 F13%F16 8169819 F199F22 S229S25 F25eF28 S28°S31 F31F34 
F49°F52 S529855 F55eF58 S582S61 F61+F64 864+S67 F679F70 S70%S73 F73%F76 S76%S79 F792 


81 F1eF4 84287 F79F10 S109S13 F13°F16 3169819 F199F22 S22°S25 F25>F28 S28] S31 F319F34 
P499F52 $522S855 F559F58 S581S61 F61F64 S64°S67 F67eF70 S70*S73 F732F76 S762879 F79- 


Sl FloF4 84987 F7F10 S102S13 F132F16 8161819 F192F22 S229S825 F25%eF28 8282831 F31F34 
F49eF52 8521855 F55°F58 S58S6] F61-F64 8642S67 F67sF70 S701S73 F73+F76 S762S79 F793: 


6-parallel 81 PloF4 840S7 F79F10 S102S13 FISEF16 S169819 F19eF22 8222825 F259F28 $28)S831 F31°F34 
Pe F49eF52 85229855 P552FP58 S581S61 F612F64 S642867 F672F70 S70°S73 F73IF76 S76*S79 F79; 


10-paralle1. |S1_Fl°F4 84287 F7IF10 S$109813 F139F16 S161S819 F199F22 S220S25 F254 F28 S284S31 F31sF34 
ps F499F52 8521855 F55°F58 S$58»S61 F61I F64 S649S67 F67sF70 $701873 F735F76 S763879 F79il 


15-parallel 81 FleF4 84187 F79F10 S108S13 F13eF16 $161S19 F19°F22 S$221S25 F259F28 S28]S31 F319F34 
pe P499F52 8521855 F55eF58 S581S61 F61sF64 S641S67 F672F70 S701S73 F739F76 S761S79 F794 


i 


Series 


2-parallels 


3-parallel- 


S-parallels 


> 


-paralle1. |8! Fijr4 84187 F74F10 S$108S13 F13NF16 S16#S19 F19NF22 8221825 F25tF28 S281S31 F311F34 
pa F49)F52 S520S55 F559 P58 S584S61 F611 F64 S641S67 F67I\F70 S700S73 F73NF76 S761S79 F79Ij 


w 
°o 


$3 F3eF6 S62S9 F9eF12 S12°S15 F159F18 S$189S21 F21%F24 8249827 F27>F30 8309833 F33%F36 
P519F54 S549S57 F57sF60 8602S63 F63sF66 S662S69 F692F72 8729875 F75°F78 S789S881 F81- 


S3 F3eF6 869S9 F99F12 S129S915 F15eF18 8189821 F215F24 8242827 F27sF30 S309S33 F33°F36 
FS19F54 8549857 P57sF60 8602863 F632F66 S66»S69 F699F72 S722S75 F759F78 S78S881 F811: 


3-paralle1 |9°_F3*F6 S689 F99F12 8122815 F159F18 8189S21 F219F24 S242S927 F272F30 $301S33 F33°F36 
P P519FP54 S549S857 F57>F60 S608S63 F63>F66 S669S69 F692F72 S729S75 F75°F78 S783S81 F81: 


83 F39F6 S689 F92F12 S$12°S15 F152F18 S181S21 F21+F24 $242827 F279F30 8302833 F332F36 
P519F54 S541857 F579F60 S602S63 F63F66 S662869 F692F72 S724S75 F75sF78 S78S81 F81- 


“parallel 83 F39F6 S6289 F9eF12 S129S15 F15§F18 S$18S21 F215F24 $242S27 F272F30 S304S33 F332F36 
P P519F54 $54S857 F57F60 S60NS63 F63>F66 S662869 F692F72 S729S75 F75{F78 S78S81 F81; 


10-parallel: 83 F39F6 86089 F9IF12 S129S815 F159F18 S18I|S21 F219F24 $249827 F27IF30 S30+S833 F33+F36 
Pe F519F54 S541S57 F57*F60 S609S63 F631 F66 S662S69 F692F72 S72(S75 F759F78 S782S81 F81Il 


15-parallel 83 F3eF6 S6IS9 F92F12 S1211S15 F15eF18 S181IIS21 F21sF24 S241S27 F27>F30 S301S33 F33>5F36 
P F519F54 S541857 F57>F60 S601S63 F63>F66 S66IIS69 F69F72 S721S75 F759F78 S781S81 F811; 


: 


5-parallel_ 


30-parallel 83 F3IIF6 S61S9 FOIF12 S12iIS15 F154F18 S18NS21 F210F24 824827 F27I\F30 S308S33 F33IlF36 
P P510F54 S541857 F571 F60 S601S63 F631F66 S66NS69 F69IF72 S721S75 F75IF78 S781S81 FS81Il 


85 F5°F8 889S11 P119F14 $8142S17 F172F20 S202S23 F23%F26 8262829 F299F32 S329S35 F35aF: 
8509853 F532F56 S565S59 F59*F62 S629S65 F652F68 S68°S71 F71>F74 8749877 F77>F80 S80: 


S5 F5°F8 S82S11 F119F14 8149817 F179F20 S209S23 F23*F26 S262S29 F299F32 8329835 F35F: 
$502S53 F53eF56 8569859 F599F62 S629865 F65eF68 S682S71 F71»F74 8749877 F77>F80 S80: 


S5 F55F8 889811 F1l9F14 8142917 F172F20 8202823 F23eF26 S265S29 F29>F32 $321S35 P35>F: 
S$509S53 F535F56 S$565S59 F595F62 S621S65 F65>F68 S682S71 F719F74 S749S77 F77>F80 S80: 


5-parallel S5 F59F8 S89811 FP1l1l9F14 S$149817 F172F20 S208S23 F23>2F26 8262829 F29eF32 $329S35 F35eF: 
pe $509853 F539F56 S56NS59 F599F62 S622S65 F652F68 S689S71 F71>2F74 S741S77 F77>F80 S80: 


6-parallel: 85 F59F8 $8981] F1l19F14 $149817 F17IF20 $205S23 F23F26 $262S29 F29>F32 $329S35 F35oF: 
Rene S509S853 F539F56 S569859 F599F62 S621S65 F65>F68 S682S71 F71>F74 S749S77 F779F80 S80: 


10 ‘185 F59F8 889811 F111F14 $142817 F179F20 S201S23 F232F26 8262829 F2998F32 8329835 (F35>F-: 
8502853 F539F56 S56NS59 F599F62 S629865 F65IF68 S682S71 F712F74 3741877 F77sF80 ‘S80: 


S5 F59F8 S81S11 F1l19F14 S141IS17 F17>F20 $201S23 F23+F26 S261S29 F29>F32 S321S835 F35F: 
S$500S53 F539F56 S56NS59 F592F62 S620S65 F659F68 S689S71 F712F74 S741S77 F77>F80 380! 


& 
" 
- 1 
® 
a | 


2-parallel 


3-parallel 


i 
3 
be | 
= 
= 
—) 
@ 
= 
é 


15-parallel 


S5 FSIF8 S81S11 FllIF14 S144S17 F171F20 S201S23 F231F26 S268S829 F299F32 S321835 F35IF: 


30-parallel |" ssomss3 FS3IFS6 SS6NSS9 PS9IF62 S62IS65 F6SEF68 S689S71 F71I1F74 8741877 F771F80 S80| 


Y Connection: Connect Ty, To» Tz, to line leads; connect Tg» Ts. Tg: together. 
A Connection: Ty; T¢ together to line lead; To, 1%, together to line lead, Ts; Ts together to line lead. 
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3-24 
-T CONNECTION TABLE 


Leads 


3342837 F372F40 8402S43 F439F46 S469S49 Tt)? 81 ™,? 888 


782 $829885 F85F88 S88 


3349837 F372F40 S402S43 F431 F46 8462849 Tt) ? $1>F46 


"82 $822S85 F85°F88 S88 


1349837 F379F40 S40°S43 F439F46 846849 T) > 81398312861 


782 $822S85 FS852F88 S88 


334]S37 F379F40 8402843 F439F46 8462849 


"82 S822S85 F85>F88 S8&8 


3342S37 F372F40 8403843 F431 F46 8462849 T) ? S1>F165831>F465S619F76 


*82 S822S85 F85-F88 S88 


341837 F379F40 8402843 F431F46 8462849 


82 S829S85 F85»F88 S88 


341837 F372F40 S401S43 F43eF46 S461S49 


'82 8821885 F85sF88 S88 


i344837 F371P40 S401S43 F431 F46 saeisa9| 


'82 S821S85 FSS5IF88 S88 


1369839 F392F42 8429845 P459F48 8489851 T, > 83 


'84 S849887 F872F90 S90 


362839 F392F42 S429845 F451F48 S482851 Ty ? S3eF48 


'84 S$844S87 F872F90 S90 


(362839 F392F42 S429S45 F459F48 8489851 Ty 8398339863 


'84 8843887 F87>F90 S90 


361839 FP399F42 84229845 F459F48 8489851 Ty » 839S21983998579875 


‘84 8849S87 F872F90 S90 


3629839 F399F42 8439845 F451 F48 S489851 Tg » 839F1823335F48 2963 >F78 


‘84 8842387 F872F90 S90 


369839 F399F42 8429845 F451F48 S482851 


84 8842887 F872F90 S90 


360839 F39eF42 S421S45 F459F48 84813951 


84 S841S87 F87>F90 S90 


361839 F39IF42 8421845 F451F48 S481S85) 


84 S841S87 FS7IIF90 S90 


3389S41 F419F44 8449847 F47F50 


83 F834F86 S862S89 F89eF2 32 


8389841 F41sF44 8445847 F47§ F50 
83 F83>F86 S862S89 F89eF2 S2 


S382841 F419F44 8442847 F47>sF50 
83 F83>F86 S862889 F89sF2 S2 


S381841 F412F44 8449847 F47sF50 
83 F83>F86 886*S89 F892F2 82 


8389841 F419P44 8445847 F474 F50 
83 F83>F86 S865889 F895F2 S2 


S389S41 F41>F44 $442S47 F47iF50 
83 F831F86 S869S89 F892F2 S2 


$389841 F41*F44 8441847 F472F50 
83 FP83>F86 S861S89 F89%F2 S2 


S381841 F411F44 8449847 F471 F50 
83 F83IF86 S861S89 F89IF2 S2 


S = start of a group. 
PF = finish of a group. 


T, > F432888 
T, » 82858582888 


T, » 8128199S83798559S73 > 8169834985298709S88 


Tg > P139S289F432858F732888 


popcieeeceee: 


> 819F1098199F2853837»F46 2855 +F6453873>F82 
> F798169F259S345F43 »S525F61 98702F792S88 


'? $8198738132S1928259S3 1928372843 28499S55286128672873 28792885 
Tg 2% 8498105S162S22 28285834 2S402S46 28522358 »S64 287028762882 9888 


» S19F49575F109S139F1698192F2298252F28 2831 »F3498375F403843>5F46 
98492F522855>F582S61 9F643S67 »F709S73 »9F762S792F822S852F88 

Tg ? F12849F79810F 13°S169F 199822 9F 259828 9F 319934 9F37 28409F43 9846 

9F499352 97559858 >F61 9S64 2F672870>F7328769F7998829F859S88 


Ts >» §90 








T, > F459S890 
Ts > 83028602890 
Ts >» 81898369S85498729890 
Ts > F1598309F4598609F752890 


Ty. % S3oF129821 5F302S395F485S57 2F662S75>2F84 
T? > F998189P275S362F4598544F632S725F812890 


Tp > 8398998152821 982758339839 28459851 9857 2S6328692S7598815887 


> $69S1293189S2438302S836 284298482854 >S602S66 287292878 »S84 2890 


> $39F69895F1299159F 189321 9F24 93827 9F3092833 »F 362839 >F4258454F48 
98519F549S 57 »F605863 9F66 2869 2F 729S752F783S81 »F84>S87 >F90 
Ts > F39S69F9°S129F152S189F219824>F27 9S302F 332836 »F392S42 »F 459848 
9F519854 9F 57 >S60 2F 632866 2F692S729F759S782F81 9884 9F87 9390 


T3 > 85 T¢ > 82 






Tz » S59F50 > F47982 


> 8598352865 > $3228629S2 


» 3598239841 98592S77 » $20983898562S742S2 


* 859F209835%F502S65>F80 Tg >» F1798S323F4798623F779S2 


Tq >» 859F1498239F322S419F5028592F682S77 >F86 
Tr > F119S209F299S838>9F47 »S565F659S749F83382 


Tz > 359S119S177S823 982928352841 5847 985398 5928659871 287728832889 
TS > 889S8149S209S26 983298385844 9S503S56 286292868 2S7432S80»S86 282 


> $59F83S114F 149817 2F 2028239F265S292F325835+F 389841 9F445S47>F50 
9853>F562S599F622S659F689S7 1 4F742S77»F802S83>2F86 2889 5F2 

Tg > F5*S89F11°S149F 179320 +F23»S269F 293832 9F359S384F 41 9844 9F479850 
9F539S 56 9F 599862 »F659S685F71 9874 >F77 2880 2F83 2S86 »F 89282 





~% = connected to start or finish of a group. 
ll = spot for change with respect to series connection. 
T-T = Top-to-top or bottom-to-bottom or short-jumper connection. 


CHAPTER 4 


BALANCED FRACTIONAL-SLOT LAP WINDINGS 
(BALANCED LAP WINDINGS WITH 
UNEQUAL COIL GROUPING) 


4-1. Average Number of Slots Per Pole Per Phase. The lap 
windings described in Chapter 3 have an equal number of single 


coils in all pole-phase groups. These are the windings in which 
the number of slots per pole per phase is an integer. A 3-phase, 
8-pole stator with 72 slots has 3 -3% = 3 slots per pole 
per phase, and each pole-phase group consists of 3 single coils. 
All pole-phase groups are equal. A 3-phase, 8-pole stator with 
66 slots instead of 72 will have 792 - 4+} = 23/4 slots per 
pole per phase. Since the number of single coils in a pole-phase 
group can be only a whole number, i.e., a pole-phase group can 
comprise only an integral number of slots, the figure 2 3/4 can 
be realized only as an average value. If each phase would have, 
in each 4 of the 8 poles, 3 coil groups with 3 single coils and 
1 coil group with 2 single coils, the average number of coils 
per group would be A -ii . 2 3/4. Thus, a winding 
with a fractional number of slots per pole per phase can be 
realized by making the pole-phase groups have unequal numbers of 
single coils. Such windings are called Windings with Unequal 
Coil Grouping or Fractional-slot Windings, because the average num- 
ber of slots per pole per phase of these windings is a fraction- 
al number. 


The Master Tables 3-4 and 3-5 give the average number of 
slots per pole per phase for different numbers of slots and dif- 
ferent numbers of poles. Table 3-4 refers to 2-phase windings 
and Table 3-5 to 3-phase windings. For example, a 2-phase, 6- 
pole winding with 44 slots has an average of 3 2/3 slots per 
pole per phase, and a 3-phase, 8-pole winding with 66 slots has 
an average of 2 3/4 slots per pole per phase. The values of 
slots per pole per phase, i.e.,spp, for balanced fractional-slot 
windings are shown in normal print in the tables. The values of 
spp for unbalanced fractional-slot windings are shown in italics 
marked by an asterisk (See Arts. 4-3 and 4-6). 


4-2. Connection Diagrams and Coil Grouping. The _Connec- 
tion Diagrams of the fractional-slot windings are the same as 
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those ofthe integral-siot windings; hence the Connection Diagram 
of a 3-phase, 8-pole winding with 2 3/4 slots per pole per phase 


connected one circuit star is given by Fig. 3-65 just as is the 
3-phase, 8-pole integral-slot winding. However, as explained in 
Art. 4-1, the lines which represent the individual pole-phase 
groups represent, in the fractional-slot windings, groups having 
different numbers of single coils. In the example of the 3- 
phase, 8-pole winding with 66 slots, these lines represent the 
pole-phase groups with 3 single coils as well as those with 2 
single coils. 


In order to connect a fractional-slot winding, it is not 
enough to have the Connection Diagram, but it is also necessary 
to know the sequence of the larger and smaller pole-phase groups 
around the stator or rotor, i.e., the coil grouping. 


The 3-phase, 8-pole stator winding considered above has 
8 x 3 = 24 (= No. of poles xNo. of phases) pole-phase groups of 
which 18 have 3 single coils and 6 have 2 single coils. Their 
distribution around the stator should be: 

3332 3332 3332 3332 3332 3332 
Assigning the first group to phase A, the second group has to be 
assigned to phase C, the third to phase B, the fourth group 
again to phase A and so on, corresponding to the Connection Dia- 
gram (Fig. 3-65). In doing this, it will be found that the nun- 
ber of single coils (or slots) and also the number of groups 
with 3 single coils and the number of groups with 2 single coils 
are the same for all 3 phases. Note that the coil grouping con- 
sists of equal distribution parts (6 in this case) which repeat 
themselves. Each part consists of the groups: 

3 3 3 2 
If the grouping of one part and the number of repetitions are 
given (as in Table 4-2), the coil grouping for the whole winding 
is then fixed. This and the Connection Diagram suffice to ac- 
complish the winding. 


4-3. Coil Grouping Tables and How to Use Them. Tables 4-1 
and 4-2 of this chapter, and Tables 5-1 and 5-2, of Chapter 5 


give the coil grouping of one distribution part, the number of 
repetitions of this grouping, and the number of parallel paths. 
The fractional-slot windings considered in this chapter are the 
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Balanced Fractional-slot Windings; those considered in Chapter 5 
are the Unbalanced Fractional-slot Windings (see Art. 4-6). 


The use of Tables 4-1 and 4-2 will be explained by some ex- 
amples. Consider a 2-phase, 10-pole winding with 68 slots. 
Master Table 3-4 shows the average number of slots per pole per 
phase, i.e., spp = 3 2/5. The whole number, or integral part, 
of this spp is 3, and the fractional part is 2/5. For the frac- 
tion 2/5, Table 4-1 yields the following grouping for one dis- 
tribution part: 

10190 0 
Since the integer of this spp is 3, this figure has to be added 
to all numbers of the grouping obtained from the Table, i.e., 
the coil grouping of one distribution part is: 
43 4 3 3 
Furthermore, Table 4-1 states that the grouping repeats 2 x 
No. of poles = 2 x 0 = 4 times. Therefore, the grouping of the 
total winding is: 
43433 43433 43433 43433 
ABABA BABAB ABABA BABAB 
The letters A and B indicate the phases to which the pole-phase 
groups are assigned. 


Table 4-1 shows also the maximum possible number of parallel 
paths. For the winding of the example, it is No. Of poles = 10/5 
= 2, while the 10-pole, integral-slot lap winding has a maximum 
of 10 parallel paths. 


Consider further a 3-phase, 14-pole winding with 96 slots. 
Master Table 3-5 shows that the average number of slots per pole 
per phase is 2 2/7. Table 4-2 yields for the fraction 2/7 the 
following grouping for one distribution part: 

10010 0 0 
Since the integer of this spp is 2, this figure is to be added 
to all numbers of the grouping obtained from the Table, i.e., the 
coil grouping of one distribution part is: 

3 223 22 2 
Moreover, Table 4-2 states that the grouping repeats 3 x 
No. of poles . 3 Xx if 6 times. Therefore, the grouping of the 
total winding is: 
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3223222 3223222 3223222 
ACBACBA CBACBAC BACBACB 


3223222 3223222 3223222 
ACBACBA CBACBAC BACBACB 
The letters A, C, B, indicate the phases to which the pole-phase 
groups are assigned. The various connection diagrams for this 
winding are Figs. 3-lll, 3-112, 3-115, 3-117, 3-118, and 3-121. 
From Table 4-2, it follows that the maximum possible number of 
parallel paths is i = 2. 


The beginnings of the phases are as given in the Connection 
Diagrams mentioned above. They are not exactly 2/3 of a pole 
pitch apart, as is the case in the integral-slot lap winding. 
Despite this, the winding is balanced. 


As pointed out, the coil-grouping Tables 4-1 and 4-2, to- 
gether with Tables 3-4 and 3-5, and the Connection Diagrams are 
all that is required for the layout of balanced fractional-slot 
lap windings. The maximum number of parallel paths shown in 
Tables 4-1 and 4-2 is independent of the kind of jumper (short 
or long, see Arts. 3-5 and 3-10) used in 2-phase windings and in 
those 3-phase windings in which the denominator of the fraction 
of spp is odd. In 3-phase windings with an even denominator of 
the fraction, the maximum number of parallel paths as given in 
Table 4-2 is to be divided by 2, when the long jumper is used. 
For example, Table 4-2 shows that a 4-pole winding with the 
fraction of spp =F can have a maximum of $° 2 parallel paths. 
When the long jumper is used, this winding can be connected in 
only 9" 1 circuit, i.e. eonrecres in series. An 8-pole winding 
with the fraction of spp = > can have (according Pha Table 4-2) 
maximum of $= 4 parallel paths,but is limited to 5 = 2 parallel 
paths when the long jumper is used. The winder should ascertain 
that each path of each phase has the same number of single coils, 
before using the long jumper for 3-phase windings with parallel 
circuits and an even denominator of the fraction of spp. As 
mentioned in Art. 3-3, the short-jumper connection is the most 
commonly used and is to be assumed unless otherwise specified. 
Note that, carefulness is necessary when applying Tables, since 
misprints are not always unavoidable. The following articles 
give additional information which permits checking the Tables 
available or finding the coil grouping without using Tables. 
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4-4. Number of Larger and Smaller Pole-phase Groups; Number 
of Equal Winding Parts. A thorough inspection of the fractional 


number which represents the average number of slots per pole per 
phase yields a great deal of information about the coil grouping. 
Consider again the example of Art. 4-1 in which the number of 
slots per pole per phase is 2 3/4. This figure lies between the 
integers 2 and 3 and, therefore, some pole-phase groups will 
have 3 single coils and some 2 single coils. Other coil groups 
will not appear. Since the figure 2 3/4 is closer to 3 than to 
2, there will be more groups with 3 single coils than with 2 
single coils, and it is apparent that in each 4 consecutive 
poles there will be, per phase,3 pole-phase groups with 3 single 
coils and 1 pole-phase group with 2 single coils; 3 is the nunm- 
erator of the fraction 3/4, and 1 is the difference between the 
denominator 4 of the fraction and its numerator (4 - 3 = 1). 
Thus, the numerator of the fraction represents, per phase, the 
number of the larger pole-phase groups, and the difference be- 


tween denominator and numerator of the fraction represents the 
number of the smaller pole-phase groups. The denominator of the 
fraction represents also the number of poles in which the unequal 
distribution of pole-phase groups is accomplished, and the aver- 
age value of spp is achieved. The number of equal parts in the 
whole winding will be equal to the number of times the denomin- 
ator of the fraction is contained in the number of poles; in the 
example considered, there are 8/4 or 2 equal winding parts. 


Note that the number of repeatable distribution parts is 
different from the number. of repeatable winding parts. There are 
twice as many distribution parts as there are winding parts in 


the 2-phase windings, and 3 times as many in the 3-phase_ wind- 
ings. Thus it suffices to know the coil grouping of half of a 


repeatable winding part for a 2-phase winding and of a third of 
a repeatable winding part for a 3-phase winding, in order to 
know the coil grouping of the whole winding. 


The foregoing considerations will be demonstrated once more 
by an example of a 3-phase, 16-pole winding in 174 slots. The 
average number of slots per pole per phase is 


—_174_ 9. 
pts Be Be 3 5/8. 


Note that the number of slots per pole per phase must be ex- 
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pressed by the smallest possible fraction. Hence it would be 
incorrect to write here spp = 38 or 3 10/16; it should be spp = 
3 5/8. This figure then indicates that there will be, in each 
phase, a larger number of pole-phase groups consisting of 4 
single coils than there are pole-phase groups consisting of 3 
single coils, and, further,that in 8 (=-denominator of the frac- 
tion) consecutive poles there will be, per phase, 5 (= numerator 
of the fraction) pole-phase groups- with the larger number of 
coils and 8 - § = 3 (= denominator - numerator) pole-phase groups 
with the smaller number of coils. Eight poles make a repeatable 
winding part. Since the number of poles is 16, there are 2 re- 
peatable winding parts in the winding. There are 3 x 2 ® 6 re- 
peatable distribution parts. 


4-5, General Rules, If,in general terms, spp = I ai where 
I is the integral part of the fractional number, and n and d are 
the numerator and denominator of the fraction, d poles then con- 
stitute a repeatable part in which there will be, per phase, pn 
pole-phase groups with I plus 1 single coils and d minus n pole- 
phase groups with J single coils. The number of repeatable 


winding parts is equal to the number of poles divided by d. 


4-6. Conditions of Balance, It has been mentioned that in 
this chapter only the balanced fractional-slot windings will be 
considered. These are the windings for which 


No. of poles = an integer (1) 


NovoY phases = fractional number (2) 
When these 2 conditions are satisfied, the winding is balanced, 
i.e., the voltages generated in the phases have the same magni- 
tude and are displaced from each other by the same angle. Some 
examples will be considered. 

(1) The 3-phase, 8-pole winding of Art. 4-l with spp = 2 3/4 
is a balanced winding because the number of poles 8 divided by 
the denominator d = 4 is an integer (= 2), and the denominator 
d = 4 divided by the number of phases 3 is a fractional number 
(1 1/3). 


(2) The 3-phase,16-pole winding of Art. 4-4 with spp = 3 5/8 
is a balanced winding because the number of poles 16 divided by 
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the denominator d= 8 is an integer, and the denominator d= 8 
divided by the number of phases 3 is a fractional number. 


(3) Consider a 3-phase, 6-pole winding with 60 slots. The 
average number of slots per pole per phase is 
This winding is unbalanced because the denominator d = 3 divided 
by the number of phases 3 is an integer, i.e., because the 
second condition of balance is not satisfied. Note that the 
number of slots per phase & 20 is an integer. Equal numbers 
of slots for all phases is not a proof of balance. 


(4) Consider a 2-phase, 12-pole winding with 80 slots. The 
average number of slots per pole per phase is 


——80 .49 ,_10,. 
rx" ie P73 1/3 
This winding is balanced because the number of poles 12 divided 


by the denominator d = 3 is an integer,and the denominator d = 3 
divided by the number of phases 2 is a fractional number. Ap- 


parently, all 2-phase windings in which the denominator of the 
fraction is divisible by 2 and all 3-phase windings in which the 
denominator of the fraction is divisible by 3 are unbalanced. 


Unbalanced windings are usually avoided because they may 
produce vibrations, noise, and additional losses in the copper. 
As mentioned previously, the unbalanced lap windings are treated 
in Chapter 5. 


4-7. Number of Parallel Circuits. It has been pointed out 
in Art. 4-5 that the denominator of the fraction d represents 
the number of poles of a repeatable winding part. In the example 
of the 3-phase, 8-pole winding with 2 3/4 slots per pole per 
phase, 4 poles make a repeatable part- of the winding, i.e., 4 
poles are necessary to make the winding have an average spp = 
2 3/4. Since there are 8 poles, the number of repeatable winding 
parts is equal to 8/4 = 2. From this, it follows that only 2 
parallel circuits are possible, contrary to the 8-pole lap wind- 
ing with spp an integer which may have 8 parallel circuits. In 
the example of the 3-phase, 16-pole winding with spp = 3 5/8, 
again only 2 parallel circuits are possible. In general, the 


maximum possible number of parallel circuits is equal to the 
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number of poles divided by the denominator of the fraction d, 
i.e., it is equal to the number of repeatable winding parts. 

The number of parallel circuits may be made less than the 
number of repeatable winding parts but then the latter number 
must be divisible by the number of parallel circuits. Consider 
a 3-phase, 48-pole winding in 324 slots. The average value of 
spp is 


324 , 108 .~9, 
x 48 & 21/4 


d = 4 poles make a repeatable winding part, and the number of 
repeatable parts is equal to 43. 12. This is also the maximum 
possible number of parallel paths. However, each phase can have 
also 2, or 3, or 4, or 6 parallel paths because the maximum 
possible number of parallel paths (12) is divisible by each of 
these 4 numbers. 


Consider a 3-phase, 28-pole winding in 210 slots. The 
average spp = qi, - 2. d = 2 poles makes a repeatable wind- 
ing part, and the number of repeatable winding parts is equal to 
3 14. This is also the maximum possible number of parallel 
paths. However, each phase can have also 2 or 7 parallel paths 
but not 4. The maximum possible number of parallel paths, 14, 
is divisible by 2 and 7, but not by 4. 


4-8, Layout of a Balanced 2-Phase Winding. The laying out 


of a fractional-slot winding. involves the determination of the 
sequence in which the larger and smaller pole-phase groups have 
to be arranged. It is not enough that the conditions of balance 
(Art. 4-6) are satisfied; it is also necessary that the unequal 
coil groups be distributed around the stator or rotor in a cer- 
tain sequence in order that the winding is balanced. 


There are many ways to distribute the coils and get a bal- 
anced winding (see Appendix 2). The method of distributing 
shown in this chapter yields the coil grouping most often used. 
It will be explained by an example of a 2-phase, 10-pole stator 
with 68 slots. The number of slots per pole per phase is then 


Five poles make a repeatable part of the winding. There are 
10 . 2 repeatable winding parts. In each part there are, per 
phase, 2 (= n) pole-phase groups with 4= (I + 1) * (3 + 1) 
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single coils and 3 (= d minus n) = (5 - 2) pole-phase groups with 
3 (= I) single coils. In order to find the group distribution 
around the stator, 


(a) Write the series 1 x spp; 2x spp; 3x spp; ... up 
to d x spp. 


(b) Disregard the fractions, and add 1 to all integers of 
this series except the last one. 


(c) Write 0 (zero) to the left of the second series (b) and 
determine the differences between adjacent numbers. 
The last series shows then the sequence of the pole-phase groups 
for half of the repeatable winding part. For the other half of 
the repeatable winding part, the coil distribution is the same 
as for the first part. For the example considered, these rules 
yield the following: 


(a) 32/5 64/5 101/5 13 3/5 17 
(b) 0 4 7 11 14 17 
(c) 4 3 4 3 3 


which is the coil grouping for one half of the repeatable wind- 

ing part. This grouping repeated twice gives the pole-phase group 

distribution for the whole repeatable winding part. It is 
43433 4343 3 (L) 

These numbers repeated as many times as there are repeatable 

winding parts, i.e., in the example considered, twice, yield the 

coil grouping around the whole stator. 


The last series (L) shows that a repeatable winding part 
has 4 pole-phase groups with 4 single coils and 6 pole-phase 
groups with 3 single coils. It has been determined previously, 
from the fractional number 3 2/5, that each phase should have 2 
pole-phase groups with 4 single coils and 3 pole-phase groups 
with 3 single coils; for both phases, this gives 4 pole-phase 
groups with 4 single coils and 6 pole-phase groups with 3 single 
coils in accordance with series (L). 


If the first pole-phase group of the series (c) or (L) is 
assigned to phase A, the second group is to be assigned to phase 
B, the third group to phase A, and so on, as was explained 
in Art. 3-4 (see for example Fig. 3-la). 


Summarizing, the rules given under (a), (b), and (c) yield, 
in 2-phase windings, the pole-phase distribution for half of a 
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repeatable part of the winding. Repeated twice, the group dis- 
tribution for one repeatable part of the winding is obtained. 
The latter distribution repeated as many times as there are re- 
peatable winding parts gives the coil grouping of the whole 
winding. The phase assignment of the groups is A and B in suc- 
cession. 


Another example of a 2-phase, 28-pole stator with 136 slots 
will be considered. For this winding, 


Thus, 
(a) 23/7 46/7 #=%72/7 #9 5/7 #+%121/7 144/7 17 
(b) 0 3 5 8 10 13 15 17 
(c) 3 2 3 2 3 2 2 


The last series repeated gives the coil grouping for one re- 
peatable winding part. Since there are = 4 = (50: of poles 
repeatable winding parts, the series obtained from (c) must be 
repeated 2 x 4 = 8 times, in order to obtain the coil grouping 
for the whole winding. The distribution between the 2 phases 
under the different poles for 1 repeatable winding part is: 

Phase. ......AB AB AB AB AB AB AB 

Coils per group. .32 32 32 23 23 23 22 

Pole No. ..... 1 2 3 4 5 6 7 
It should be remembered that in a 2-phase winding there are 2 
coil groups per pole, one for each phase (see Fig. 3-la). 


4-9. Beginnings of Phases in 2-Phase Windings. As in the 
integral-slot windings, the beginnings of the phases lie one 


pole-phase group apart, i.e., the starts of 2 consecutive pole- 
phase groups can be used as phase beginnings. In the integral- 
slot windings, this corresponds to half a pole pitch; in the 
fractional-slot windings the distance between the phase begin- 
nings is somewhat different from half a pole pitch. Consider 
Fig. 3-24 which may represent an integral-slot as well as a 
fractional-slot winding. The phase beginnings shown there are 
correct for both kinds of windings. 


However, it is not necessary to take the starts of 2 con- 
secutive pole-phase groups as phase beginnings. The starts of 
pole-phase groups 1 and 6 which lie 5 pole-phase groups apart 
also can be used as phase beginnings. In general, in 2-phase 
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windings the beginnings of the phases must lie 1 plus zero or 


(an even integer x 2) pole-phase groups apart. 


4-10. Layout of a Balanced 3-Phase Winding. The considera- 
tions are here the same as in the case of the 2-phase winding. 


The problem is to determine the sequence of the larger and smal- 
ler coil groups around the stator (or rotor). As for the 2-phase 
windings, the most often-used coil grouping will be considered. 
Other coil groupings which also yield balanced windings are dis- 
cussed in Appendix 2. 


The coil grouping in consideration will be explained by an 
example of a 3-phase, 20-pole stator with 216 slots. The number 
of slots per pole per phase is then 


216, = 92-18 3 3/5 


Five (= d) poles make a repeatable part of the winding. There 
are 2 . 4 (= No. of poles) repeatable winding parts. In each 
part there are,per phase, 3 (# n) pole-phase groups with (I + 1) 
= (3 + 1) = 4 single coils and 2 = (d - n) = (5 - 3) pole-phase 
groups with 3 (= I) single coils. In order to find the group 
distribution around the stator, apply the same rules as for the 
2-phase windings, i.e., 
(a) Write the series 1 x spp; 2 x spp; 3 x spp; .. . up to 
d x spp. 
(b) Disregard the fractions and add 1 to all integers of 
this series except the last one. 
(c) Write 0 (zero) to the left of the second series (b), 
and determine the differences between adjacent numbers. 
The last series shows then the. sequence of the coil groups for a 
third of a repeatable winding part. For each of the other 2 
thirds, the coil grouping is the same as for the first third, 
i.e., in order to get the coil grouping for the whole repeatable 
winding part, the grouping obtained under (c) must be repeated 
3 times. For the example considered, the rules (a), (b), and 
(c) yield: 


(a) 3 3/5 7 1/2 10 4/5 14 2/5 18 
(b) 0O 4 8 ll 15 18 
(c) 4 4 3 4 3 


which is the pole-phase group distribution for a third of the 
repeatable winding part. This distribution, repeated 3 times, 
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gives the coil group distribution for the whole repeatable wind- 
ing part. It is 

Coils per group. .443 434 434 344 343 (L)' 

Phase. ......ACB ACB ACB ACB ACB 

Pole No. ..... 1 2 3 4 5 
If the first pole-phase group is assigned to phase A, the second 
pole-phase group is to be assigned to phase C, the third group 
to phase B, the fourth group again to phase A, and so on, in ac~ 
cordance with the Connection Diagrams of Chapter 3 (see, for ex- 
ample, Fig. 3-3a). 


In order to find the coil group distribution for the total 
winding, the coil grouping (L)' of the repeatable winding part 
is to be repeated as many times as there are repeatable parts, 
i.e., in the example considered, 4 times. In general, the group- 
ing given by series (c) is to be repeated in 3-phase windings 
3 Xx (i z-Of poles times. 


Another example of a 3-phase,l4-pole winding with 108 slots 
will be considered. For this winding, 


spp = 708 He Be 2 47 


Thus, 
(a) 24/7 51/7 #=%75/7 #+102/7 %126/7 15 3/7 18 
(b) 0 3 6 8 ll 13 16 18 
(c) 3 3 2 3 2 3 2 
Phase A C B A C B A 


The coil grouping under (c) repeated 3 x 14 - 6 times gives the 


grouping of the total winding. The letters A, C, B show how the 
pole-phase groups are assigned to the different phases. The 
Connection Diagrams of this winding are given by Figs. 3-ll:, 
3-112, 3-115, 3-117, 3-118, and 3-121. 


4-11, Beginnings of Phases in 3-Phase Windings. As in the 
integral-slot lap windings, the beginnings of the phases lie 2 


pole-phase groups apart, i.e., the starts of any 3 groups which 
are 2 pole-phase groups apart can be used as beginnings of the 3 
phases. Consider the 8-pole winding (Fig. 3-65). The beginnings 
of the phases are the starts of the pole-phase groups l, 3, and 
5.. In the integral-slot winding the distances between the starts 
of groups 1 and 3, and 3 and 5, are equal exactly to 2/3 of a 
pole pitch. This is not the case with fractional-slot windings, 
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since the coil groups have different numbers of single coils. In 
Fig. 3-65, the starts of groups l, 3, and 11, or the starts of 
groups 1, 9, and 17, also can be taken as_ beginnings of the 
phases, i.e., each of the beginnings 1, 3, and 5 can be replaced 
by one which belongs to the same phase and lies 6 pole-phase 
groups apart from it. 80, by choosing the starts of groups l, 3, 
and 11, instead of the starts of 1, 3, and 5, as beginnings, 
group 5 is replaced by group 11 which lies 6 pole-phase groups 
apart from 5. 


In general, in 3-phase windings, the beginnings of the 


phases must lie 2 plus zero or (an even integer x 3) pole-phase 
groups apart. 


4-12. Simplification in the Layout of Balanced 2-Phase and 
3-Phase Windings. It follows from the previous considerations 


that it is the fraction of spp which determines the number of 
larger and smaller pole-phase groups. It is also only the frac- 
tion of the spp which determines the coil grouping of one dis- 
tribution part of the winding (= 1/2 of the repeatable winding 
part in 2-phase windings and 1/3 of the repeatable winding part 
in 3-phase windings). As an example, the 3-phase, 14-pole 
winding of Art. 4-10 will be considered with 2 different numbers 
of slots, namely, with 108 slots as before and with 66 slots. 
For 108 slots, spp = 2 4/7; for 66 slots, spp - 7% - # -41 
= 14/7. Applying the method shown previously, the coil group- 
ing of.one repeatable distribution part is: 

3 3 23 2 3 2 for spp = 2 4/7 

22121241 for spp = 1 4/7 
The grouping for spp = 1 4/7 can be obtained from that for spp * 
2 4/7 by subtracting 1 from all numbers corresponding to the 
latter, and vice versa, the grouping for spp = 2 4/7 can be ob- 
tained from that for 1 4/7 by adding 1 to all numbers corres- 
ponding to spp = 1 4/7. 


It can be seen from this example that the distribution of 
larger and smaller pole-phase groups is determined only by the 
fraction of spp. The integral part of spp determines only the 
absolute values of single coils in the groups but not the group- 
ing. It follows from this that the grouping can be determined 
for the fraction alone and then the integral part of spp added 
to the numbers found for the fraction. 
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Again, the 3-phase, 14-pole winding with 108 slots of Art. 
4-10 will be considered. Here, the spp = 2 4/7. The fraction 
is 4/7. Applying the method of layout shown previously, the 
sequence of larger and smaller coil groups for a third of a re- 
peatable part of the winding is as follows: 


(a) 4/7 11/7 #165/7 22/7 26/7 33/7 4 
(b) 0 1 2 2 3 3 4 4 
(c) 1 1 0 1 0 1 0 


The last series (c) shows the sequence of the larger and smaller 
pole-phase groups.. Adding 2 to all numbers of the (c) series, 
i.e., adding the integral part of spp, the coil grouping with 
the correct numbers of single coils in the groups will be ob- 
tained. This is: 

3 3 2 3 2 3 2 
This result is in accordance with that found in Art. 4-10. 


The Tables 4-1 and 4-2 are set up on the basis of the con- 
siderations of this article. They give only the sequence of the 
larger and smaller pole-phase groups. In order to determine the 
grouping with the real numbers of single coils in the groups, 
the integral part of spp is to be added to the numbers’ given in 
the Tables. 
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TABLE 4-1. COIL GROUPING FOR 2-PHASE WINDINGS 


The coil Maximum No 

Coil Grouping : 

grouping re- jof parallel 

Sere ee oe ececacé peats (2 times|paths = No. 
pole-p No. of poles) jof poles 

divided by j|divided by 


Fraction 
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HMOHOHOHOHOHSO | HEHHOHOOOO |HRrHOrFCO | OCOOCCCO 


Hee OMmMOMOOO Oo HOM OOM-OO | HHH OOO 
HH OHH OMmMOOr OO | HHH OOrFrFH Ooo | oOooo°o°o 


He mOMMOOHOOCO | HK RK OHKHOOKHOO | HE RHOOO!] HKORFORO] HB HOO 
He HOH HMOOHMOOCO | HH HHHOOCOOSO 


Jat femdom feat frat emt ad feat feat feat ead eat feat feat feat feat eat ret fret at fe eat | fad fed ad eat feat eat feat feed at feet bed et | feat ad eet eet 
Meee mMOODOOSO | HEHE HOOOOO | KH rHOOCO |] KE RKHRFOOCO!] HP RHOO 
Hee HOO MOCO | HH HOOrHHOOCO | HH OrFOO | KH OrOoOo!] HK Oro 


Kees OOMHMOOOSO | COOOCoooooo°o 


He Se OOOO OO 
Ooooooo°o°ooo°o 





The coil grouping shown applies to the corresponding fraction of 
spp. In order to find the grouping for spp equal to the fraction 
plus an integer, add the integer to the values shown under the 
coil grouping. 
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TABLE 4-2 - Continued 
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(Sequence of larger and smaller pole-phase groups) 
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CHAPTER 5 
UNBALANCED FRACTIONAL-SLOT LAP WINDINGS 


(UNBALANCED LAP WINDINGS WITH 
UNEQUAL COIL GROUPING) 


In the foregoing chapter the balanced fractional-slot lap 
windings have been treated. In these windings, the electromotive 
forces of all phases have the same magnitude and the angles be- 
tween consecutive phases are equal. This is not the case with 
the unbalanced fractional-slot lap windings treated in this 
chapter. Since an unbalance may produce vibrations and noise or 
circulating currents which cause additional heat in these wind- 
ings, they are to be avoided and used only in special cases, as 
for example, when a winding is to be changed from one number of 
poles to another number of poles, or from one frequency to 
another frequency, Unbalanced fractional-slot windings are also 
used by manufacturers in order to economize on dies;for example, 
a die with 48 slots is used for 4 and 6 poles, leading to an un- 
balance at 6 poles in a 3-phase winding. 


S-l. Two Kinds of Unbalanced Fractional-slot Lap Windings. 
Apparently,a winding will be unbalanced when the number of slots 


is not divisible by the number of phases. However, a winding 
may be unbalanced also when the number of slots is divisible by 
the number of phases. The 2 conditions for balance are given in 
Art. 4-6. Consider a 3-phase, 6-pole winding with 63 slots. For 
this winding, spp = 5 o%5 sf = 3 1/2. The denominator of the 
fraction (1/2) is 2. The first condition for balance requires 
that the number of poles’ be divisible by the denominator of the 
fraction. In this example, the number of poles (6) divided by 
the denominator (2) of the fraction is equal to 3, and, there- 
fore, the first condition is satisfied. The second condition 
for balance requires that the denominator of the fraction be not 
divisible by the number of phases. In this example, the second 
condition for balance is also satisfied because the denominator 
2 is not divisible by the number of phases (3). Therefore, the 
3-phase, 6-pole winding with 63 slots is balanced. If the nunm- 
ber of slots is 66 instead of 63, the number of slots per pole 
per phase becomes equal to 3 are = 41 = 3 2/3. The denominator 
of the fraction is now 3. The first condition for balance is 
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again satisfied: $ = 2; the second condition is not satisfied 
(3 is divisible by 3). This winding is unbalanced despite the 
fact that the number of slots (66) is divisible by the number of 
phases (3) and each phase has’ the same number of coils (22). 
Consider now the same 3-phase, 6-pole winding with 68 slots. 
Here, spp = 75, = 44 = 3 7/9, and neither condition of balance 
is satisfied, as is always the case when the number of slots is 
not divisible by the number of phases (68 is not divisible by 3). 


In the first case of unbalance in which the number of slots 
and the denominator of the fraction of spp are both divisible by 
the number of phases, all slots are provided with coils. In the 
second case of unbalance in which the number of slots is not 
divisible by the number of phases, some of the coils have to be 
left out of the winding in order to have the same number of coils 
in each phase. 


In laying out unbalanced fractional-slot windings, the 
probIem is to make the unbalance as small as possible (see Art. 
5-7). 


5-2. Coil Grouping Tables and How to Use Them, Coil group- 
ing tables are given which show the distribution of the larger 


and the gmaller pole-phase groups around the stator or rotor. 
The 2 cases of unbalance will be considered separately. 


Case (a). The number of slots and the denominator of the 


fraction are both divisible by the number of phases. For 2-phase 
windings, Master Table 3-4 gives, in italics, the values of spp 


corresponding to different numbers of poles and different numbers 
of slots. For 3-phase windings, the corresponding table is 
Master Table 3-5. It is evident that for 2-phase windings the 
denominator of the fraction can be only 2 or a multiple of 2. 
For 3-phase windings,the denominator of the fraction can be only 
3 or a multiple of 3. Table 5-1 for 2-phase windings, and Table 
5-2, for 3-phase windings, show the distribution of the larger 
and the smaller pole-phase groups for the number of poles equal 
to the denominator of the fraction. For example, for a 2-phase 
winding, with the denominator of the fraction equal to 2 (spp = 
11/2, 21/2, 3 1/2, etc.), the grouping shown in Table 5-1 
represents the grouping for only 2 poles; if the denominator of 
the fraction is 6 (spp = 1 1/6, 2 1/6, 2 5/6, etc.), then the 
grouping shown applies to 6 poles. At the same time, Table 5-1 
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indicates the number of times the coil grouping shown there is 
to be repeated for windings having a greater number of poles 
than that indicated by the denominator of the fraction of spp. 
In the example considered above with the denominator of the frac- 
tion equal to 2, the grouping shown in Table 5-1 is to be re- 
peated meee ina 4-pole winding @ = 2), and 4 times in a 8-pole 
winding @ = = 4), and so forth. In the example with the de- 
nominator ae the fraction equal to 6, the grouping shown is to 
be repeated twice in a 12-pole winding (= 2), 8 times in a 
48-pole winding (48 - 8), and so forth. bivise: for a 3-phase 
winding with the denominator of the fraction equal to 3 (spp = 
11/3, 2 1/3, 2 2/3, etc.), the grouping shown in Table 5-2 
represents the grouping for only 3 poles; if the denominator is 
9, then the grouping shown applies to 9 poles. Table 5-2 also 
indicates the number of times the coil grouping shown there is 
to be repeated for windings having a_ greater number of poles 
than that indicated by the denominator of the fraction of spp. 


In general, the number of repetitions is equal to the number of 
poles divided by the denominator of the fraction. 


Consider a 2-phase, 8-pole winding with spp = 2 3/4. The 
numbers opposite to 3/4 in Table 5-1 give the sequence of the 
larger and the smaller pole-phase groups for 4 poles. The in- 
teger of spp, i.e., 2, is to be added to the numbers of the line 
opposite to 3/4. The grouping thus obtained must be repeated 
twice since the number of poles (8) divided by the denominator 
of the fraction (4) equals 2. The coil grouping of the total 
winding is then 

3323333 2 33233332 
ABABABAB ABABABAB 
The letters A and B indicate the phases to which the individual 
pole-phase groups are assigned. 


As another example, a 3-phase, 12-pole winding with 102 
slots will be considered. Master Table 3-5 shows for 12 poles 
and 102 slots a value of spp equal to 2 5/6. Table 5-2 gives 
the following sequence of the larger and the smaller pole-phase 
groups for the fraction 5/6. 

111031121111011114110 
Since the integer of spp is equal to 2, this quantity is to be 
added to all numbers of the grouping. This yields 
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33323333332333333 2 

ACBACBACBACBACBACB 
The numbers of this series represent the sequence of the pole- 
phase groups with 2 and 3 single coils respectively for 6 poles 
only, because the denominator of the fraction is 6. Since the 
machine has 12 poles, the total winding will consist of 12 = 
Denon ee ees action = 2 repetitions of the grouping 
shown. The letters A, C, and B indicate the phases to which the 
individual pole-phase groups are assigned. 


The maximum possible number of parallel circuits of the 


windings considered is apparently equal to the number of repeat- 
able parts of the winding, i.e., to the number of poles divided 
by the denominator of the fraction. This is the same as for 
balanced fractional-slot lap windings. If the number of parallel 
circuits is made smaller than the maximum possible number, the 
latter must be divisible by the number of parallel paths chosen. 


Case (b). The number of slots is not divisible by the num- 
ber of phases. Tables 5-3 and 5-4 give the corresponding values 


of spp for different numbers of poles and different numbers of 
slots for 2-phase and 3-phase windings, respectively. Tables 
9-5 and 5-6 show the sequence of the larger and smaller pole- 
phase groups for different values of spp and different numbers 
of poles. Add to the ones and zeros the integer of spp in order 
to get the number of single coils in each group. The pole-phase 
groups in which a _ coil is to be left out are indicated by a 
circle or square around the one or zero. The slots in which 
a coil side is to be omitted are also given in the Tables (number 
1 is assigned to the first slot of phase A). 


In order to reduce the unbalance, it is expedient in cer- 
tain cases to omit the coil within a pole-phase group, i.e., to 
split a pole-phase group. For this reason, 2 alternatives for 
the location of the coils to be omitted are given: one without 
split groups, the other with split groups. The first alternative 
is indicated by circles around the ones or zeros: the second al- 
ternative is indicated by squares around the ones or zeros. The 
numbers of the slots in which the coil side is to be omitted are 
given in the Tables for both alternatives. Note that contrary to 
the case treated under (a), the grouping obtained from Tables 
9-5 and 5-6 represents the grouping of the whole winding. Tables 
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9-5 and 5-6 are layed out for minimum unbalance. The cases in 
which 2 parallel paths are possible are indicated in these 
Tables. 


Two examples will be considered, the first being a 3-phase, 
8-pole machine with 56 slots. Table 5-4 yields for 8 poles and 
56 slots a value of spp equal to 2 1/3. For spp equal to 2 1/3 
and 8 poles, Table 5-6 indicates the following sequence of the 
larger and the smaller pole-phase groups. 

0010100001000010100@M0100 
The integer of spp is 2, and, therefore, 2 is to be added to all 
numbers of the grouping. This gives the following grouping for 
the whole winding: 

2232322@23222232322@2322 

ACBACBACBACBACBACBACBACB 
2 coils are left out, as indicated by the 2 circles, leaving 
56-2 = 54 coils, i.e., 18 for each phase. The 2 coils omitted 
lie in the slots 17 and 47, as shown in Table 5-6. There are 24 
pole-phase groups (= No. of poles x No. of phases). Writing the 
letters A, C, B below or above the pole-phase groups, the phases 
to which the individual pole-phase groups belong are determined. 
It can be seen from Table 5-6 that the distribution chosen has a 
small error in angle and also a small error in magnitude. Two 
parallel circuits are possible. 


As a second example, a 3-phase, 6-pole winding with 40 slots 
will be considered. Since the number of slots is 40, one coil 
will have to be left out making the number of coils in each 
phase equal to 13. Table 5-4 shows that for 6 poles and 40 
slots the value of spp is equal to 2 2/9. For spp equal to 2 2/9 
and 6 poles, Table 5-6 indicates the following sequence of the 
larger and smaller pole-phase groups: 

(j00010000100001000 
Adding the integer of spp 2, the following grouping is obtained 
for the whole winding: 

Ql22232222322223222 

ACBACBACBACBACBACB 
There are 6 x 3 = 18 pole-phase_ groups. One coil is left out 
from the first pole-phase group as indicated by the circle and 
square. As shown in Table 5-6, the slot from which the coil is 
omitted is either slot 3 or slot 2. In the first case, it is 
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the last coil of the first pole-phase group and the error in 
angle is 3°. In the second case, it is the second (middle) coil 
of the first pole-phase group; the pole-phase group is split but 
the error in angle is only 54’. Only a series connection of the 
pole-phase groups of each phase is possible in this winding. 


In general, the determination of the number of parallel 
circuits permissible in a winding in which the number of slots 
is not divisible by the number of phases requires special con- 
sideration. This is explained in Art.5-S. Few groupings permit 2 
parallel circuits. Such groupings are indicated in Table 5-6. 


It has been pointed out in Chapter 4 that coil grouping 
tables should be used with care since printing errors are not 
always avoidable in tables. In Arts. 5-4 and 5-5, simple methods 
are given which show howto lay out unbalanced windings described 
under cases (a) and (b) treated above. These methods can be 
used to check the Tables and also to lay out windings which are 
not contained in the tables. 


0-3. Connection Diagrams and Phase Beginnings. The Con- 
nection Diagrams of the unbalanced fractional-slot lap windings 


are the same as those of the balanced fractional-slot lap wind- 
ings (see Art. 4-2) and, therefore, are the same as those of the 
integral-slot windings treated in detail in Chapter 3. For ex- 
ample, the Connection Diagram of a 3-phase, 6-pole winding with 
40 slots, i.e., with spp = 2 2/9, is given by Fig. 3-53, just as 
the 3-phase, 6-pole integral-slot winding is given by this same 
diagran. However, the lines which represent the individual 
pole-phase groups correspond, in the fractional-slot winding, to 
different numbers of single coils. In the exampleof the 3-phase, 
6-pole winding with 40 slots, these lines represent pole-phase 
groups with 2 and 3 single coils respectively. The rules which 
determine the beginnings of the phases for balanced 2-phase 
fractional-slot lap windings (see Art. 4-9) apply also to un- 
balanced 2-phase fractional-slot windings. 


The starts of any 2 consecutive pole-phase groups can be 
used as phase beginnings. In general, in 2-phase windings, the 
beginnings of the phases must lie 1 plus zero or (an even integer 
x 2) pole-phase groups apart. For example, the beginnings of 
phases may lie in the starts of pole-phase groups 1 and 2 (= 1 
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plus 0 pole-phase groups apart) or in the starts of pole-phase 
groups 1 and 6 (= 1 plus 2 times 2 pole-phase groups apart) or 
in the starts of the pole-phase groups 1 and 10 and so forth. 


The rules which determine the beginnings of the phases of 
balanced 3-phase fractional-slot windings (see Art. 4-11) apply 
also to the unbalanced 3-phase fractional-slot windings. The 
starts of any 3 pole-phase groups which are 2 pole-phase groups 
apart can be used as beginnings of phases. Therefore, the starts 
of the pole-phase groups 1, 3, and 5 or the starts of the pole- 
phase 2, 4, and 6, and so on, can be used as phase beginnings. 
However, aS explained in Art. 4-11, each of the pole-phase groups 
1, 3, and 5 (or 2, 4, and 6) can _ be replaced by one which be- 
longs to the same phase and lies 6 pole-phase groups apart from 
it. Hence the starts of the groups l, 9 (= 3 + 6), and 5; orl, 
3, and ll (= 5 +46); orl, 9 (= 3 + 6) and ll (= 5 #6); orl, 
9 (= 3 + 6),and 17 (= 11 #6) can be chosen as phase beginnings. 
In general, the beginnings of the phases must lie 2 plus zero or 


(an even integer x 3) pole-phase ups apart. 


5-4. Layout of an Unbalanced Fractional-slot Lap Winding 
When the Number of Slots is Divisible by the Number of Phases 
(Unbalanced windings of the first kind, case (a), see Arts. 5-l 


and 5-2). Let 


m = number of phases 
N = numerator of spp 
d = denominator of spp 


For example, in a 2-phase winding with spp = 9/4 = 2 1/4, m= 2, 
N= 9, andd= 4, and in a 3-phase winding with spp = 8/3 = 
2 2/3, m= 3, N = 8, and d = 3. 
(a) Write spp in the form 4 where N and d have no common 
divisor. 
(b) Determine the value of D from 


D- aNp to (5-1) 


where P is the smallest integer, including zero, which 
makes D and integer. 

(c) Write m (i.e., 2 for 2 phases or 3 for 3 phases) series 
of N numbers each having the difference D. The first 
series is 

1, 1¢D, 1+ 2D, 1+ 3D, ...41 + (N-1) D 


238 


If one of the numbers of this series becomes larger than N, the 
latter must be subtracted from the number (see examples). The 
second series of N numbers’ is obtained from the first series by 
adding N to all numbers of the first series. The third series 
(for 3-phase windings) is obtained from the second by adding N 
to all numbers of the second series. Thus, the second series is 
l1+N, 1#De#wN, 124+ 2D 4N, 
1+#3D4+N...41+4 (N-l) D#N 


and the third series (for 3-phase windings only) is 


1 +2N, 1%4D+#+ 2N, 124+ 2D # QN, 
1+3D+2N...41 + (N-1) D+ 2N 
The numbers in these series represent the slots of all phases in 
d poles. 

(d) Divide the slots represented by the m-series into m 
parts in suchamanner that each part, i.e., each phase, 
contains N slots and that these N slots of each phase 
are as close to one another as possible. Further, the 
division of the mN slots among the m phases must give 
the same number of larger as well as the same number of 
smaller pole-phase groups for each phase. 


(e) The grouping obtained applies to d poles. The total 
winding consists of as many repetitions of the grouping 
obtained as there are d poles in the total number of 
poles, i.e., the number of repetitions is equal to the 
number of poles divided by d. 


(f) The maximum possible number of parallel paths is equal 
to the number of poles divided by d. 


The method described will be demonstrated by 2 examples. Con- 
sider first a 2-phase, 4-pole winding in 18 slots, According to 
Master Table 3-4, spp = 2 1/4 = 9/4. Thus, for this winding 
m= 2, N=9, d= 4. From Eq. 5-1. 

p= 2x 9xP+2-5 where P = 1 


The first series of N = 9 slots having the difference D is then 
141¢5:=6, 64#5-9:=2, 24#5=7, 745-92: 3 
3¢5= 8, 84#5-9:=4, 44579, 945-925 

The second series is obtained from the first by adding N = 9 to 

all numbers of the first series. Thus, both (m = 2) series are 
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1 6 2 7 3 8 4 9 3 
10 #15 £11 £16#¢6'112 ~ «#«217~«#213~«~«(«218~)—=( (14 
A B 
The broken line indicates how the mN = 18 slots are divided be- 
tween the 2 phases A and B. Arranging the slots in the sequence 
in which they follow each other in the machine, yields 
1-2-3 4-5 6-7 8-9 10-11 12-13-14 15-16 17-18 
A B A B A B A B 
The sequence of the pole-phase groups for d poles and the num- 
bers of single coils in them are, in accordance with Table 5-l, 
3.922 2 2 3 2 2 
A B A B A B A B 
Each phase, for d = 4 poles,has 1 group with 3 single coils, and 
3 groups with 2 single coils. Since the number of poles is 
equal to 4 and also d is equal to 4, the grouping obtained has 
4/4 = 1 repetition, i.e., the grouping obtained represents the 
total winding. Parallel circuits are not possible in this wind- 
ing. 


As a second example, a 3-phase, 18-pole winding with 114 
slots will be treated. From Master Table 3-5, spp = 2 1/9 = 19, 
Therefore, m= 3, N=19, d= 9. From Eq. 5-1, 9 


D - 3x19 xP+3 =13 with P = 2 


The first series of N = 19 slots is 
1, 1413 =14, 14413-19=8, 8413-19 = 2, 

2¢13=15, 154¢13-19=9, 9413 - 19 = 3, 

3 ¢13 = 16, and so on. 
Since m = 3, there are 3 series. The second series is obtained 
from the first by adding N = 19 to all numbers of the first 
series. The third series is obtained from the second series by 
adding N = 19 to all numbers of the second series. The 3 series 
are: 

1 1448 2 159 33,1610 4 17115 {|18 126 19137 

20 33 27 21 34 28)22 35 29 23 36 30 24/37 31 25 38 32 26 

39 52 46 40 53 47/41 54 48 42 55 49/43 56 50 44 57 51 45 

A C B 

The broken lines indicate the division of the mN = 57 slots 
among the 3 phases. The coil grouping for d = 9 poles is in ac- 
cordance with Table 5-2 
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322222222232222222223222222 
ACBACBACBACBACBACBACBACBACB 
Each phase, for d = 9 poles,has 1 pole-phase group with 3 single 
coils and 8 pole-phase groups with 2 single coils. 


Since the number of poles (= 18) divided by d (= 9) is 2, 
the total winding consists of 2 repetitions of the coil grouping 
obtained. The total number of pole-phase groups is the same as 
for integral-slot windings, namely, equal to the number of poles 
times the number of phases. In this case, there are 18 x 3 = 54 
pole-phase groups. The number of poles divided by d is equal to 
2. Hence, the maximum number of parallel paths is 2. 


o-5. Layout of an Unbalanced Fractional-slot Lap Winding 


When the Number of Slots is Not Divisible by the Number of 
phases. (Unbalanced windings of the second kind, case (b), see 


Arts. 5-1 and 5-2.) AS in Art. 5-4, let 


m = number of phases 
N = numerator of spp 
d = denominator of spp 


For example, in a 2-phase winding with spp = # = 2 5/12, m= 2, 
N = 29, and d = 12. 
(a) Write spp in the form where N and d have no common 
divisor. 


(b) Determine the value of D from 
Dz: myp tm (5-2) 


where P is the smallest integer, including zero, which 
makes D an integer. 

(c) Determine the largest common divisor t of the number of 
poles and the number of slots. For example, for a 2- 
phase, 6-pole winding in 29 slots, this common divisor 
t is equal to 1, and for a 3-phase, 6-pole winding in 38 
slots, the largest common divisor t is equal to 2 since 
the number of poles (6) is divisible by 2, and the nun- 
ber of slots (38) is also divisible by 2. 

(d) Write t series of N numbers each having the difference 
D. The first series is 
1, 1+D, 1+ 2D, 1+ 3D, ...41+ (N-1) D 
If one of the numbers of the series becomes larger than 
N, the latter must be subtracted from the number (see 
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examples). The second series of N numbers is obtained 
from the first series by adding N to all numbers of the 
first series. The third series is obtained from the 
second series by adding N to all numbers of the second 
series, and so on. Thus, the second series is 
l1+N, Ll#De#NnN, 142 4N, 
1¢+¢3D +N. ..41+ (N-1)D +N 
and the third series is 
1 +2N, 14+0D+42N, 1 # 2D # 2N, 
1+ 3D + 2N. . .1 + (N-1)D +N 


and so on. The numbers of the t series obtained in 
this manner represent the slots of the total winding. 
(e) Divide the slots represented by the t series into m 
parts in sucha manner that each part, i.e., each phase, 
contains the same number of slots and that the slots of 
each phase are as_ close to one another as possible. 
Since the number of slots is not divisible by the number 
of phases,an equal number of slots in each phase can be 
achieved only when a certain number of coils (which is 
usually smaller than the number of phases m) is left 
out. The division of t x N slots among the m phases 
must give the same number of larger as well as the same 
number of smaller pole-phase groups for each phase. 


The method described will be demonstrated by 2 examples. 
Consider first a 2-phase, 6-pole winding in 33 slots, i.e., spp 
9 2 S = 1 = 2 3/4. Thus, for this winding, m= 2, N= ll, 
= 4. From Eq. 5-2 

p= 2a 1p xPt+2- 6 with P= 1 





d 


The largest common divisor of the number of poles (6) and the 
number of slots (33) is equal to 3 (t = 3). Hence, 3 series of 
N = 11 numbers have to be written, the difference between 2 con- 
secutive numbers in each series being D = 6 and the difference 
between the numbers of 2 consecutive series being N = ll. The 
first series of N = 11 slots is 

1, 1+#62:2+7, 7#6-1ll=s 2, 2246 2:2 8, 

8+6-11=3, 34¢6=9, 92#6- 11 = 4, 

4+¢6:= 10, 10+#6-112:=5, 546 = 11, 

11 +6- 11:2: 6 
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or 
1 7 2 8 3 9 4 10 5 #411 #6 
The second series is obtained by adding N = 11 to all 

figures of the first series, and the third series is obtained by 
adding N = 11 to all figures of the second series. Hence, the 
t = 3 series are 

1 7? 2 8 3 9] 4 10 5 #11 6 

12 18 13 19 14,20 15 21 16 22 17 

23 29 24 30 25 3 26 32 27 33 £28 (L) 

A B 

The broken line indicates how the t x N = 33 slots are divided 
between the 2 phases A and B. Arranging the slots in the sequence 
in which they follow each other in the machine, 


1 2 3 456 7 g 9 10 11 121314 15 1617 1g 18 20 21 22 
B B A B B 
23 24 29 26 27 28 29 30 31 3233 


The sequence of the pole-phase groups and the number of single 
coils in them are 

3. 3° @ 2 33 2:3 33 3: 2 

A B AB A B A B A B A B 
It can be seen that 17 slots. have been assigned to phase A and 
16 slots to phase B. In order to make the number of slots the 
same in both phases one coil is to be left out in phase A. The 
pole-phase group of phase A in which the coil is left out is in- 
dicated by a circle. As Table 5-5 shows, the error in angle is 
2° 3' and the error in magnitude is negligible if the coil is 
omitted from slot 9, i.e., if the third coil of the second pole- 
phase group of phase A is left out. If the coil is omitted from 
slot 2, i.e., if the first pole-phase group of phase A is split, 
then the error in angle decreases to 1° 1’ but the error in mag- 
nitude increases to 2.3%. 


Phase A, as well as phase B, has 4 pole-phase groups with 3 
Single coils and 2 pole-phase groups with 2 single coils. The 
distribution obtained represents the total winding. It is in 
accordance with Table 5-5. 


As a second example, a 3-phase, 4-pole winding in 44 slots 
will be considered. From Table 5-4, spp = 3 2/3 = 11/3. There- 
fore, m= 3, N= 11, d= 3. From Eq. 5-2 
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p= Set xP +3 21 with P= 0 


The largest common divisor of the number of poles (4) and the 
number of slots (44) is 4 (t = 4). Hence, 4 series of 11 numbers 
each have to be written. Since D=1, the 4 series are repre- 
sented by the consecutive numbers 1 to 44. The t = 4 series are 
l 2 3 4/{/5 6 7 {8 9 #10 M11 
12 13 14 #15) 16 17 #18 19) 20 21 22 
23 24 25 26 27 28 29 {30 31 32 33 
34 35 36/137 38 39 40 |41 42 43 44 
A C B 
The broken lines indicate how the t x N = 44 slots are divided 
among the 3 phases A, C, and B. The sequence of the pole-phase 
groups and the numbers of single coils in them are 
434@434343 4@ 
A C B AC B AC B A C B 
It can be seen that 15 slots have been assigned to phase A, 14 
slots to phase C, and 15 slots to phase B. In order to make the 
number of coils the same for all phases, 2 coils are to be left 
out, one in phase A and one in phase B. The pole-phase groups 
in which the coils are to be omitted are indicated by circles. 
Table 5-6 shows that the slots in which the coils are to be left 
out are 15 and 41. With 2 coils left out, each phase consists 
of 2 pole-phase groups with 4 single coils and 2 pole-phase 
groups with 3 single coils. The distribution obtained represents 
the total winding. It is in accordance with Table 5-6. The 
error in angle is +1° 39' and that in magnitude is 0,45%. 


(M) 


An inspection of the t series with N slots each makes it 
possible to determine whether and how many parallel paths are 
possible. The maximum possible number of parallel paths in each 
phase is equal to t (= largest common divisor of the number of 
poles and the number of slots). However, t parallel paths in 
each phase are permissible only when the slots assigned to the 
phase lie in the t series one above the other. Consider’ the 
slot chart (L) of the first example. The slots assigned to 
phase A are 1, 7, 2, 8, 3, 9 inthe first series; 12, 18, 13, 19, 
14 in the second series; and 23, 29, 24, 30, 25, 31 in the third 
series. The t = 3 slots 1-12-23, 7-18-29, 2-13-24, 8-19-30, and 
3-14-25 lie one above the other but there are not slots in phase 
A below slot 9. Therefore, 3 parallel paths are not possible in 
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phase A. Also, phase B does not satisfy the condition for 3 
parallel paths. The winding of the first example, if distributed 
according to chart (L), must be connected in series. However, 
leaving out 3 coils instead of 1, it becomes possible to make 
t = 3 parallel paths. Leaving out, for example, the coils 9, 
20, and 31, the distribution is 

1 7 2 8 3 @{4 #10 5 #11 6 

12 18 13 19 14 @@/15 21 16 22 17 

23 29 24 30 25 @D/26 32 27 33 28 (L' ) 

A B 

The coils of each phase lying in the horizontal (in the same 
series) must be connected in series. So, in phase A, the coils 
1-2-3-7-8,the coils 12-13-14-18-19, and the coils 23-24-25-29-30 
must be connected in series, respectively. Since now the coils 
of the t = 3 series lie one above the other, they can be con- 
nected in parallel, i.e., the coil-sequence 1-2-3-7-8 can be 
connected in parallel with the coil-sequence 12-13-14-18-19 and 
with coil-sequence 23-24-25-29-30. The same applies to phase B,. 
In this phase, the coils 4-5-6-10-11, 15-16-17-21-22, and 26-27- 
28-32-33 must be connected in series, respectively, and the 3 
coil rows can be connected in parallel. 


The coil grouping which corresponds to the slot chart (L') 

is 

3 3 @ 2 3 3 @®@ 2 3 3 @ 2 

A B A B A B A B A B A_B 
The error of the distribution (L') is zero in magnitude and 
g° 11" in angle. Leaving out coils from the slots 2, 13, and 
24, i.e., splitting 3 pole-phase groups of phase A, makes the 
error in angle only 1° 38' but increases the error in magnitude 
to 5.45%. Both distributions should be avoided (see Art. 5-7). 


t is the maximum possible number of parallels. Depending 
upon the coil distribution, it is possible to make less than t 
parallels, In this case, t must be divisible by the number of 
parallels chosen. Considering again the first example, t is 
equal to 3. Since 3 is divisible only by 3 andl, either 3 
parallel paths or series connection is possible. 


Consider now the winding of the second example (3 phases, 
4 poles, 44 slots, spp = 3 2/3). Since for this winding t = 4, 
theoretically 4 or 2 parallel paths are possible. An inspection 
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of the chart (M) shows that, with the coil distribution given, 
t = 4 parallels are not possible. Consider, for example, phase 
C; the coil 37 has no corresponding coils in the other 3 series, 
since coils 4, 15, and 26 belong to phase A. However, 2 parallel 
paths are possible if the coil distribution is as follows 

1 2 3 4/5 6 7{8 9 10 Il 

12 13 14 {15 16 17 18; 20 21 22 (M") 

23 24 25 26] 27 28 29| 30 31 32 33 

34 35 36 |37 38 39 40/@D 42 43 44 

A C B 

and coils 19 and 41 are left out. In phase A, the coils 1-2-3- 
4-12-13-14 and the coils 23-24-25-26-34-35-36 are to be con- 
nected in series, respectively, and both coil rows’ then con- 
nected in parallel. In phase C, the coils 5-6-7-15-16-17-18 and 
the coils 27-28-29-37-38-39-40 are to be connected in series, 
respectively, and both coil rows in parallel. In phase B, the 
coils 8-9-10-11-20-21-22 and the coils 30-31-32-33-42-43-44 are 
to be connected in series, respectively, and both coil rows in 
parallel. 


The error of the distribution (M') is 0 in magnitude and 
5° 30' in angle. Leaving out coils from slots 20 and 42 instead 
of 19 and 41, i.e., splitting 2 pole-phase groups in phase B 
makes the error in angle 3° 54' and the error in magnitude 0.97%. 
With respect to unbalance, the arrangement with split pole- 
phase groups is preferable. 


Note, that coil rows connected in parallel must have sym- 
metrical positions in the slot chart. Consider again phase A of 
slot chart (M'). It is seen that there are 2 symmetrical groups 
of coils, namely, the coils 1, 2, 3, 4, 12, 13, 14 and the coils 
23, 24, 25, 26, 34, 35, 36. Such coil rows. can be connected in 
parallel, The same applies to phases C and B. 


It has been shown for the winding of the first example (2 
phases, 6 poles, 33 slots) that, by leaving out 3 coils instead 
of one, 3 parallel paths can be made. The parallel paths have 
been achieved in this case at the expense of the number of active 
coils of the machine and at the expense of the magnitude of un- 
balance which became larger. In the second example, of the 3- 
phase, 4-pole winding, the 2 parallel paths have been achieved 
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at the expense of the magnitude of unbalance. In unbalanced 
windings from which coils are omitted, the distribution of the 
slots among the phases established in the slot charts (L, M, L' 
and M'), and the number and location of the omitted coils in- 
fluence the unbalance and the possible number of parallel paths. 
The minimum errors in the angles are achieved when the left-out 
coils lie as close as possible to the line of symmetry of the 
phase. However, for this location of the omitted coils, the 
error in magnitude becomes maximun, When parallel paths are 
necessary, this can be achieved in certain cases at the expense 
of the number of active coils and of the magnitude of unbalance; 
in other cases, at the expense of the magnitude of unbalance. 
The coil groupings in Tables 5-5 and 5-6 are based upon a minimum 
of unbalance. The magnitude of the unbalance and the possible 
number of parallel paths are shown in these Tables. Since the 
location of the omitted coils influences the grouping and the 
magnitude of the unbalance, the numbers of the slots in which a 
coil is to be left out are given in Tables 5-5 and 5-6. Note 
that number 1 is assigned to the first slot of phase A (see Art. 
5-2, case b). 


5-6. Simplification of the Coil Grouping Tables of the Un- 
balanced Fractional-slot Lap Windings. As in the balanced 


fractional-slot lap windings, the sequence of the larger and 
smaller pole-phase groups is determined by the fraction of spp 
only,when S/m is an integer. For this reason, the coil groupings 
given in Tables 5-1 and 5-2 show only the sequence of larger and 
smaller pole-phase groups. In order to obtain the number of 
single coils in the individual pole-phase groups, the integer of 
spp is to be added to the numbers of the coil grouping tables, 
as has been explained in Art. 5-2; when S/m is not an integer, 
the sequence of the larger and smaller pole-phase groups depends 
upon the layout of the winding and the number and location of 
the omitted coils. The digits 1 and 0 in Table 5-5 and 5-6 
means larger and smaller pole-phase groups, just as in the Table 
5-1; however the distribution of the groups is not determined 
here by the fraction of spp. As in the Tables 5-1 and 5-2, the 
integer of spp is to be added to 1 or 0, in order to find the 
number of single coils in the group. 
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5-7. Permissible Degree of Unbalance. An unbalance of 2 
to 3 degrees between the phase voltages or of 2% to 3% in the 


magnitude of the voltages will not be harmful ina 2-phase 
machine or in a star-connected 3-phase machine. 1 nnec- 
tion of unbalanced windings must be avoided. No unbalance, 
neither in the angle nor in the magnitude of the voltages, is 
permissible between winding parts connected in parallel (see 
also Art. 5-5). 


In windings with the number of slots divisible by the nuna- 
ber of phases, the unbalance is larger, the smaller the numerator 
of spp, written in the form i. For example, a winding with spp 
= 4/3 will have a larger unbalance than a winding with spp = 
5/3, because, in the former, the numerator N = 4 is smaller than 
the numerator N = 5 in the latter. This is explained in Appen- 
dix 4. 


Fig. 5-l shows the error in phase angle for 2-phase wind- 
ings with a number of slots divisible by 2. The unbalance is 
due to the fact that the denominator d of spp is divisible by 2 
(= number of phases). In 2-phase windings of this kind, the 
voltages are always equal. It can be seen that the error in the 
phase angle rapidly decreases with increasing values of the 
numerator N of spp. 


Table 5-7 shows the errors in voltage and phase angle for 
3-phase windings with a number of slots divisible by 3. As for 
2-phase windings, the unbalance is due _ to the fact that d is 
divisible by the number of phases 3. It can be seen that the 
error in voltage is in general small. The error in angle depends 
upon the magnitude of N. N = 7 already yields an error in angle 
which is smaller than 3°. Fig. 5-2 shows the larger errors in 
angle, i.e., for phase B. 


The errors in angle and voltage for 2-phase and 3-phase 
windings with the number of slots not divisible by the number of 
phases are given in Tables 5-5 and 5-6. Here the magnitude of 
the errors depends upon the layout of the winding and upon the 
number and location of the slots from which coils are omitted. 
The method of calculating the unbalance is given in Appendix 
4. 
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TABLE 5-3 - SPP FOR 2-PHASE WINDINGS WITH A NUMBER OF SLOTS 
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TABLE 5-6 
COIL GROUPING AND UNBALANCE IN MAGNITUDE AND PHASE ANGLE FOR 3-PHASE 
WINDINGS WITH A NUMBER OF SLOTS NOT DIVISIBLE BY THE NUMBER OF PHASES. 
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TABLE 5-6 - Continued 


COIL GROUPING AND UNBALANCE IN MAGNITUDE AND PHASE ANGLE FOR 3-PHASE 


WINDINGS WITH A NUMBER OF SLOTS NOT DIVISIBLE BY THE NUMBER OF PHASES. 
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TABLE 5-7 - UNBALANCE OF 3-PHASE WINDINGS WITH 
A NUMBER OF SLOTS DIVISIBLE BY 3 


Difference Between 
Numerator of SPP the Magnitudes of 
Written in the Form) Phase C and Phase A |Error in angle (in 
N/d Where N and d |in % of Phase A Electrical Degrees) 
Have No Common (Phase B is equal to|Between Phase A and 
Divisor Phase A) Phase: 
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CHAPTER 6 


INTEGRAL-SLOT AND (INTEGRAL + 1/2)-SLOT 
3-PHASE WAVE WINDINGS 


6-1, General Features of the Wave Winding. Back Pitch, 


Front Pitch, Winding Pitch, Reversing Jumper. In contrast to 
the lap winding which has coils with knuckles at both-ends (Fig. 


1-13), the wave winding has coils with knuckles at one end only. 
At the other or lead end, the coil ends are bent away from the 
center line of the coil (Fig. 1-14). A certain number of such 
coils, specifically, as many as_ there are pole pairs, are con- 
nected in series and go around the rotor (or stator) core, re- 
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Fig. 6-1. One coil series of 
a 6-pole winding 


turning to a point near to the starting point. Such a leg or 
wave is called a series of coils. A single series of coils for 
a 6-pole machine is shown in Fig. 6-1. 


Each phase contains several series of coils. It will be 
shown later that the number of coil series depends upon the nun- 
ber of slots per pole per phase. 


The wave winding is a 2-layer winding, similar to the lap 
winding. Therefore, if conductor (a) in Fig. 6-l is an upper 
conductor, conductor (b) is a lower conductor, (c) is again an 
upper conductor, and so on. The distance (a) to (b) in Fig. 6-1 
fixes the width of all coils of the winding. This is the back 
pitch of the winding and it can be expressed in either of two 
common ways. If (a) is in slot 1 and (b) is in slot 10, the 
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back pitch may be expressed as 1 and 10, or it can be expressed 
as 9 slot pitches (10 - 1 = 9). The distance (b) to (c) between 
the conductors of two consecutive coils is the front pitch and 
this also can be expressed in terms similar to the back pitch. 
The distance (a) to (c), i.e., the sum of the back pitch and 
front pitch, is the winding pitch. The back pitch is the dis- 
tance between upper and lower conductor, or vice versa, of the 
same coil. The winding pitch is the distance between 2 con- 
secutive upper or lower conductors. 


The wave winding is used mainly in rotors of induction 
motors and is usually 3-phase. For this reason, only the 3-phase 
windings will be treated in this book. Furthermore, this chap- 
ter will be limited to the windings for which spp is an integer 
or an (integer + 1/2) while the other fractional-slot wave wind- 
ings, balanced and unbalanced, will be treated in Chapters 7 and 
8. 


When spp = integer, then the 
back pitch = coil width = 3 X spp 
front pitch = back pitch (6-1) 


When spp = (integer + 1/2), then the 

back pitch = coil width = (3 X spp) + 1/2 

front pitch = back pitch - l 
For example, a 3-phase winding with spp = 3 has a back pitch and 
a front pitch of 9 slot pitches; a 3-phase winding with spp = 
3 1/2 has a back pitch of (3 x 3 1/2) + 1/2 #11 slot pitches 
and a front pitch of 11 - 1 = 10 slot pitches. The winding pitch 
is equal to 9 +9 = 18 slot pitches for spp = 3, and to ll 4 10 
= 21 slot pitches for spp = 31/2. Note that the winding pitch 


is equal to the number of slots under 2 poles. 


The back pitch as well as the front pitch does not depend 
upon the number of poles. The pitches depend exclusively upon 


the value of spp. For example, a 4-pole anda 6-pole winding 
with spp = 3 have the same back and front pitches. This makes 
it possible to Classify the wave windings according to number of 


slots per pole per phase, just as it has been done with the lap 
windings. 


The winding of each phase consists of 2 parts connected by 
a connector. One part is wound clockwise; the other part is 
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wound counter-clockwise, or vice versa, Because both parts run 
in opposite directions, the connector is called a reversing 
jumper. In the integral-slot winding, each part consists of as 
many coil series (Fig. 6-1) as there are slots per pole per 
phase. In the (integral + 1/2)-slot winding, one part consists 
of (spp + 1/2) coil series, the other part of (spp - 1/2) coil 
series, 


Since the coil width is the same for all coils, the back 
pitch is also the same for all coils. This is not the case with 
the front pitch. There are always a certain number of abnormal 
front pitches which are shorter or longer than the normal. It 
depends upon the way in which the coil series of each winding 
part are connected together, whether the abnormal front pitches 
are shorter or longer than the normal front pitches. This is 
explained in detail in the next article. 


6-2, Different Ways of Starting and Winding the 3 Phases, 


Retrogressive and Progressive Windings, Short-pitch and _ Long- 
pitch Coils. The coils used for wave windings can be left-hand 


(Fig. 6-2) or right-hand (Fig. 6-3) coils. In both cases, upper 
or lower conductors can be chosen as the starts of the 3 phases; 
in both cases the first part of each phase can be wound clock- 
wise and the second part counter-clockwise or vice versa, This 


gives a certain variety in carrying out the winding. Further 
variations are given by the way in which the coil series of each 
part are connected together. This can be seen best in Fig. 6-4 
in which the 3 coil series of one part of phase A of a 6-pole . 
machine with spp,= 3 are shown. The slot groups assigned to 
phase A are: 





Clip joining 
the two half 





Fig. 6-2a, Left-hand full- Fig. 6-2b. Left-hand half- 
turn coil for a wave winding turn coil for a wave winding 
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Fig. 6-3a. Right-hand full- Fig. 6-3b. Right-hand half- 
turn coil for a wave winding turn coil for a wave winding 


1-2-3 10-11-12 19-20-21 28-29-30. 37-38-39 46-47-48 
This leaves between 2 consecutive groups 6 slots for the phases 
C and B (3 for each phase). Since spp = 3, the back pitch and 
front pitch (2 spp x No. of phases) are equal to 3x3=29, 
respectively, and the winding pitch (# back pitch + front pitch) 
is equal to 18, i.e., if the upper conductor of a coil lies in 
slot 1, its lower conductor must lie in slot (1 +9) = 10, and 
the next consecutive upper conductors of the series to which the 
considered coil belongs must lie in the slots (1 + 18) = 19 and 
19 + 18 = 37. 


Let the start of phase A be in the upper conductor 1 of the 
coil series b)-e) (see Fig. 6-4). If the end of this series, 
e); is connected with the beginning of the next series bo which 
lies in slot 2, ie., ahead of the beginning of the first series, 
the winding is progressive. On the other hand, if the end of a 
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Fig. 6-4. Three coil series of phase A 
of a 6-pole winding with spp = 3 
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coil series is connected with the beginning of another coil 
series which lies behind the beginning of the first series, the 
winding is retrogressive. If, for example, in Fig. 6-4, the 
start of the phase lies in upper conductor 3 and the end of the 
series b,-e, is connected with by, i.e., with slot 2, the wind- 
ing is retrogressive. 


In general, a winding is progressive, if the end of a coil 
series is connected with the beginning of a coil series ina 
slot which lies, in the direction of winding, ahead of the be- 
ginning of the coil series considered; and a winding is retro- 
gressive if the end of a coil series is connected with the be- 
ginning of a coil series in a slot which lies, in the direction 


of winding, behind the beginning of the coil series considered. 


The progressive winding has a certain number of front 
pitches which are longer than the normal-front pitch; the retro- 
gressive winding has a certain number of front pitches which are 
shorter than the normal. 


From the many different possible ways of starting the 
phases and connecting the coil series of each part and also the 
2 parts of each phase, only the 2 most commonly used methods or 
schemes will be considered, They will be designated as the re- 


trogressive or short-pitch (SP) connection and as the progres- 
sive-retrogressive or long pitch-short pitch (LP-SP) connection. 


The significance of these designations becomes clear from the 
following. 


In this chapter, as in the foregoing chapters, the slot 
numbering is clockwise. The beginnings of the 2 winding parts 
will be designated by the odd subscripts 1 and 3, and the ends 
by the even subscripts 2 and 4, as for example, the beginnings 
of the parts of phase A will be A, and Ay and the ends Ap and A,. 


(A) WINDINGS WITH SPP = INTEGER 


(a) Retrogressive (SP) connection. Fig. 6-5 shows the re- 
trogressive (SP) connection of phase A for a 4-pole winding with 


spp = 3. The total number of slots is «= (spp x No. of phases x 
No. of poles), i.e., 3x 3x 4s 36. ##The slots’ belonging to 
phase A are 1-2-3, 10-11-12, 19-20-21, and 28-29-30 (see Fig. 6-5 
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28 ‘ 2 29 30 












19 20 21 


Fig. 6-5. Retrogressive or SP connection of 
phase A of a 4-pole winding with spp = 3 


and Table 6-4). There are only 2 conductors per slot, one in 
each layer. The coils are left-hand (see Fig. 6-2). The back 
pitch and front pitch which correspond to spp =» 3 are equal to 
"3 x 3 = 9 slot pitches (Eq. 6-1). This is the width of all coils 
at the end opposite the connections, For example, upper con- 
ductor 19 is connected with lower conductor 19 #9 » 28, this 
latter conductor is connected with upper 28 +9 = 37 - 36.1, 
and so on. The start A, of the phase lies in the lower con- 
ductor of slot 1, and the first part of the phase progresses 
counter-clockwise. Since spp = 3, there are 3 coil series in 
each winding part, each series consisting of 2 (= number of pole 
pairs) coils. Considering the first part, the 3 coil series 
are: 


(1) lower 1—> upper 28-— > lower 19-—> upper 10. 
(2) lower 2— upper 29— lower 20— upper 11. 
(3) lower 3—> upper 30— lower 21— > upper 12. 


The end of the first coil series (upper conductor 10) is  con- 
nected with the lower conductor in slot 2, Since the first part 
is wound ccw (counter-clockwise), slot 2 lies in the direction 
of winding behind slot 1 (start of the first series) and the 
first part is retrogressive. This leads to shorter front pitches 
than normal between upper conductor 10 and lower conductor 2, 
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and upper conductor 11 and lower conductor 3. In general, the 
number of shorter-front pitches per winding part is equal to 
(spp - 1), in this case to 3 - 1 = 2. 


The end Ap of the first part lies in the upper conductor 
12, and the first part of the winding contains the lower con- 
ductors ofslots 1-2-3, upper conductors of slots 28-29-30, lower 
conductors of slots 19-20-21, and upper conductors of slots 10- 
11-12. The remainder, i.e., the upper conductors of slots 1-2-3, 
lower conductors of slots 28-29-30, upper conductors of slots 
19-20-21, and lower conductors of slots 10-11-12, make up the 
second part of phase A. This part starts in the upper conductor 
of slot 21 and is wound clockwise. The first coil series con- 
sists of the conductors upper 21—> lower 30— upper 3-— > lower 12 
and the end of this series is connected with the upper con- 
ductor of slot 20, which lies in the direction of winding behind 
the beginning of the first coil series. Thus, the second part 
is also retrogressive and has 2 shorter-front pitches, exactly 
as the first part. The total number of shorter-front pitches 
per phase is equal to 2 x (spp - 1). The end of the first part 
Ay is connected by a reversing jumper J with the beginning of 
the second part A., thus placing all the coils of phase A in 
series, A) and A, are the beginning and ending, respectively, 
of phase A, A, usually is made the lead to one of the rings or 
line; A, is usually made the star point. 


(b) Progressive-retrogressive (LP-SP) connection, Fig. 6-6 
shows the progressive-retrogressive or LP-SP connection for the 
same winding for which Fig. 6-5 shows the SP connection. Fig. 
6-6 has the same number of slots, andthe same slots are assigned 
to phase A as in Fig. 6-5. Therefore, the back, front, and 
winding pitches are also the same. The coils are again left- 
hand, 


Contrary to the retrogressive (SP) connection described in 
(a), the first part of the progressive-retrogressive (LP-SP) 
connection starts in the upper conductor of slot 1 and is wound 
clockwise. The first coil series consists of the conductors 
upper 1— lower 10— upper 19— lower 28. Its end (lower con- 
ductor 28) is connected with the upper conductor of slot 2 which 
lies, in the direction of winding, ahead of the beginning of the 
foregoing coil series, i.e., the first part is progressive. 


270 



























22 
23 
24 





3! 
32 














4 
Sf mae 
4 4 
4 4 ——— ee 
4 
4 


‘ 
NAW 


19 20 2) 


A 


Fig. 6-6. Progressive-retrogressive or LP-SP connection of 
phase A of a 4-pole winding with spp = 3 


This leads to longer-front pitches than normal between the lower 
conductor 28 and upper conductor 2, and the lower conductor 29 
and upper conductor 3. The number of longer pitches is, in 
general, equal to (spp-1), in this case to 3 - 1 = 2. The first 
part ends in the lower conductor 30 and contains the upper con- 
ductors of slots 1-2-3, lower conductors of slots 10-11-12, 
upper conductors of slots 19-20-21, and lower conductors of 
slots 28-29-30. The remainder, i.e., the lower conductors of 
slots 1-2-3, upper conductors of slots 10-11-12, lower conductors 
of slots 19-20-21, and upper conductors of slots 28-29-30, make 
up the second part of phase A, This part starts in the lower 
conductor of slot 1 and is wound counter-clockwise. The first 
coil series consists of the conductors lower 1— upper 28—- 
lower 19 —> upper 10, and the end of this series (upper con- 
ductor 10) is connected to the lower conductor of slot 2 which 
lies, in the direction of winding, behind the beginning of the 
first series. Thus, the second part is retrogressive while the 
first part is progressive. This leads to (spp - 1) = 2 shorter- 
front pitches in the second part. The end of the first part Ap 
is connected by a reversing jumper J with the beginning of the 
second part Ay, thus placing all the coils of phase A in series, 
A, and A, are the beginning and ending, respectively, of phase A, 


271 


Comparing the connection diagrams, Fig. 6-5 and Fig. 6-6, 
the SP connection has only normal- and short-front pitches while 
the LP-SP connection has normal-, long- and short-front pitches. 
The advantage of the SP connection is that it has fewer types of 
abnormal coils than the LP-SP connection. The advantage of the 
LP-SP connection is that it has no crossing of the leads and 
jumper. 

(c) Progressive (LP) connection, Fig. 6-7 shows for com- 
parison the same 4-pole winding with spp = 3 as in Figs. 6-5 and 
6-6, but with both parts of the phase progressive. This leads 
to long-front pitches in both parts. The total number of long- 
front pitches for each phase is equal to 2 x (spp - 1). This 
type winding is seldom used. 


28 29 30 





28 29 30 
.A%, 


Fig. 6-7. Progressive or LP connection of 
phase A of a 4-pole winding with spp = 3 


Retrogressive (SP) connection using right-hand coils. 
Fig. 6-8 shows the same winding as in Fig. 6-5, i.e., with both 
parts retrogressive, but with right-hand coils instead of left- 
hand coils, Fig. 6-8 is the same as Fig. 6-5 seen from the re- 
verse side of the page. Here also, only normal- and short-front 
pitches sre present. 


As mentioned above, the Tables and Working Diagrams given 
in the following are based on the retrogressive or SP connection 
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Fig. 6-8. 









Retrogressive connection of phase A of a 
4-pole winding using right-hand coils 


and the progressive-retrogressive or LP-SP_ connection shown in 


Fig. 6-5 and 6-6, respectively. 
Clockwise numbering of the slots will be assumed. 


Further, left-hand coils and 
Upon this 


basis, the following applies to windings having spp = integer. 


Retrogressive or SP Connection 


Start of phase A lies in the 
lower conductor of slot l. 
The first part of the phase is 
retrogressive and progresses 

ccw. 

The second part of the phase 
is retrogressive and pro- 
gresses cw. 

The jumper from part 1 to part 
2 progresses cw and connects 
2 upper conductors. 

The beginning and ending of 
a phase lie in lower con- 
ductors. 

See Fig. 6-5. 


Progressive-retrogressive or 
LP-SP Connection 


The start of phase A lies in 
the upper conductor of slot l. 

The first part of the phase is 
progressive and progresses 
cw. 

The second part of the phase 
is retrogressive and pro- 
gresses ccw. 

The jumper from part 1 to part 
2 progresses cw and connects 
2 lower conductors. 

The beginning and ending of 


a phase lie in upper con- 
ductors. 
See Fig. 6-6. 


(B) WINDINGS WITH SPP = (INTEGER + 1/2) 


(a) Retrogressive (SP) connection, As an example, a 4-pole 
winding with spp = 31/2 (Fig. 6-9) will be considered. The 
total number of slots is equal to (spp x No. of phases x No. of 
poles) = 31/2 x 3 x 4 = 42, and there are 42 upper and 42 lower 
conductors, Since spp is a fractional number, namely 3 1/2, one 
part of each phase will have 4 coil series and the other part 3 
coil series. The back pitch (see Eq. 6-1) is (3 x spp) +1/2 = 
(3 x 3 1/2) + 1/2 = 11, and the front pitch is (back pitch - 1) 
= (11 - 1) = 10. 
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Fig. 6-9. Retrogressive or SP connection of phase A 
of a 4-pole winding with spp = 31/2 ~- 


Assigning the upper (or lower) conductors to the 3 phases, 
conductor groups of (spp + 1/2) = 4 and (spp - 1/2) = 3 con- 
ductors must alternate. For the example considered, the lower 
conductors may be distributed as follows: 


Lower Conductors 1-2-3-4 2-6-7 §-9-10-1) 12-13-14 


Phase A C B A 
Lower Conductors 15-16-17-18 19-20-21 22-23-24-25 26-27-28 
Phase C B A C 
Lower Conductors 29-30-31-32 33-34-35 36-37-38-39 40-41-42 
Phase B A C B 
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i.e., to phase A belong the lower conductor groups 

1-2-3-4 12-13-14 22-23-24-25 33-34-35 
When the distribution of the lower conductors is fixed, the dis- 
tribution of the upper conductors is also fixed, since at the 
end opposite the connection-end the distance between a lower and 
upper conductor is fixed by the back pitch, which is equal here 
to 11 slot pitches. Thus, with left-hand coils, the lower con- 
ductor 1 is connected to the upper conductor (1 + 42) - ll = 32. 
The lower conductor 2 is connected with the upper conductor (2 + 
42) - 11 = 33, and so on, and the upper conductors belonging to 
phase A are 

1-2-3 11-12-13-14 22-23-24 32-33-34-35 
Fig. 6-9 shows, for phase A, the retrogressive or SP connection 
of the considered 4-pole winding with spp = 31/2. This con- 
nection corresponds to the connection of Fig. 6-5, except that 
here both parts of the phase do not have the same number of coil 
series. The first part, progressing counter-clockwise, has (spp 
+ 1/2) = 31/2 +1/2 = 4 coil series, while the second part, 
progressing clockwise has (spp - 1/2) = 31/2 -1/2 = 3 coil 
series. 


The first part starts, as in Fig. 6-5, in the lower con- 
ductor of slot 1 and its first coil series goes through 2 ©nun- 
ber of pole pairs) coils, i.e., through the conductors 

lower 1— upper 32— lower 22— upper ll 

The latter conductor is connected tothe lower conductor 2 which, 
in the direction of winding, is behind the beginning of the 
first coil series. The winding is, therefore, retrogressive, 
and 3 shorter-front pitches will appear in this part of the 
phase. The second part starts in the upper conductor of slot 24 
and consists of 3 coil series. It is also retrogressive and 
produces 2 shorter-front pitches. 


The number of shorter-front pitches is, in general, equal 
to the number of coil series minus 1, i.e., in one part equal to 


(spp +.1/2) - 1 or spp - 1/2, and in the other part to (spp - 
1/2) - 1 or (spp - 1 1/2). 

As in Fig. 6-5, both parts of the phase are connected by a 
reversing jumper J which places all coils of the phase in series, 


(>) Progressive-retrogressive (LP-SP) connection, Fig. 6-10 


shows the progressive-retrogressive or LP-SP connection for the 
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Fig. 6-10. Progressive-retrogressive or 
LP-SP connection of phase A of a 
4-pole winding with spp =3 1/2 


4-pole winding with spp = 3 1/2 considered above. This connec- 
tion corresponds to the connection of Fig. 6-6, except that here 
both parts of the phase do not have the same number of coil 
series. The distribution of the conductors among the phases is 
the same as in Fig. 6-9. As in Fig. 6-6, the first part of the 
phase is progressive and the second retrogressive. Contrary to 
Fig. 6-9, the first part has (spp - 1/2) = 3 1/2 - 1/2 = 3 coil 
series, and the second part has (spp +¢1/2) = 31/2 41/2 =4 
coil series. Therefore, the first progressive part produces 2 
(= number of coil series minus 1) longer-front pitches, and the 
second retrogressive part produces 3 (= 4-1) shorter-front 
pitches. Both parts of the phase are connected in series by the 
reversing jumper J. | 


Summarizing, the following applies to windings for spp = 
(integer + 1/2): 
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Retrogressive or SP Connection 


The start of phase A lies in 
the lower conductor of slot 
l. 

The first part of the phase 
is retrogressive, progresses 
ccw, and consists of (spp + 
1/2) coil series. 

The second part of the phase 
is retrogressive, progresses 
cw, and consists of (spp - 
1/2) coil series. 

The jumper from part 1 to part 
2 progresses cw, and con- 
nects 2 upper conductors. 

The beginning and end of a 
phase lie in lower conduc- 
tors. 

(See Fig. 6-9) 


Progressive-retrogressive or 
LP-SP Connection 


The start of phase A lies in 
the upper conductor of slot 
I, 

The first part of the phase is 
progressive, progresses cw, 
and consists of (spp - 1/2) 
coil series, 

The second part of the phase 
is retrogressive, progresses 
ccw, and consists of (spp + 
1/2) coil series. 

The jumper from part 1 to part 
2 progresses cw, and con- 
nects 2 lower conductors, 

The beginning and end ofa 
phase lie in upper conduc- 
tors, 

(See Fig. 6-10) 


6-3, Connection Tables, Conductor Distribution Tables, 


Working Diagrams, and How to Use Them, The information necessary 


to produce a winding for a given spp and number of poles is as 


. Number of shorter- and longer-front coil pitches. 


follows: 
l. Back pitch 
2. Front pitch 
3. Exact position of the leads 
4. The position of the reversing jumper ends, 
5. The beginning and ending of a coil series. 
6 
7. Number of normal-front coil pitches. 


8. The sequence of the various parts. 


The Connection Table gives all the information necessary to pro- 


duce a winding. 


Twenty-four Connection Tables (6-1 to 6-24) are 


given; 12 for the retrogressive (SP) connection and 12 for’ the 


progressive-retrogressive (LP-SP) connection. 


the Tables are worked out for 


In both cases, 
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spp =11/2, 2, 21/2, 3. for 4 to 24 poles 


spp = 3 1/2 for 4 to 18 poles 
spp = 4 for 4 to 14 poles 
spp = 4 1/2 for 4 to 12 poles 
spp = 5, 51/2 for 4 to 10 poles 
spp = 6, 7, 8 for 4 to 8 poles 


It should be noted that 4-pole rotor windings are often made lap 
instead of wave. 


Conductor-distribution Tables 6-25 to 6-41 are given to 
show the distribution of the conductors among the 3 phases and 
to be used for checking the Connection Tables and arrang- 
ing the winding in parallel circuits (see Arts. 6-9 and 6-10). 
The Conductor-Distribution Tables also enable the winder to 
change the spacing between the beginnings of the phases, if 
necessary (see Art. 6-4). 


The Working Diagrams are skeleton diagrams but show all the 
necessary connections for a given spp and foragiven number of 
poles. 


For the retrogressive (SP) connection, the following Working 
Diagrams are given: 


Fig. No. 
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For the progressive-retrogressive (LP-SP) connection, the fol- 


lowing Working Diagrams are given: 
mol Te [el | [ele] [a] 


Fig. No. 








The above working diagrams are shown at the end of the chapter. 
The development of a Working Diagram will be shown and explained 
by an example. 


Fig. 6-11 shows a completely developed retrogressive (SP) 
wave winding for 72 slots, 8 poles, spp = 3, and 2 conductors 
per slot. The short radial lines numbered 1 to 72 indicate the 
slot portion of the winding. The outer circle represents the 
portion of the winding opposite the lead-end, while the inner 
circle represents the lead-end and shows the position of the 
starts and ends of the winding, the jumper connections, and the 
number of coil connections between the starts, ends, and jumper 
leads. 


The number of connections between upper and lower conductors 
at the end opposite the lead-end is equal to the number of coils, 
i.e., 72 in this example. However, the number of connections 
between upper and lower conductors at the lead-end is less than 
the number of coils because there are 4 free ends to each phase 
(Ay ; Ay, Ag, A,, B), Bo, etc.). The total number of connections 
between upper and lower conductors at the lead-end is equal to 
the number of coils less 6. 


Since spp = 3, the back pitch as well as the front pitch 
= 9 slot pitches. Thus, lower conductor 1 is connected with 
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Fig. 6-12. Simplified diagram of the retrogressive (SP) 
connection of the winding shown in Fig. 6-11 
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upper conductor 64 then with lower conductor 55, etc., until the 
end of the first coil series ends in upper 10 and connects with 
the beginning of the next coil series in lower 2. This first 
coil series is shown by a heavy line in Fig. 6-11. 


Fig. 6-12 is a simplified form of Fig. 6-11. The single 
coil series, shown by a_ heavy line in Pig. 6-11, is again shown 
in the same relative position in Fig. 6-12. All the other coil 
series are omitted, but the connections between top and bottom 
conductors at the lead-end are shown by short radial lines be- 
tween 2 concentric circles. This part of the diagram, which 
corresponds to the internal circle of Fig. 6-11, shows the posi- 
tion of the leads and jumpers, and designates the number of con-- 
nections between the upper and lower conductors. The outer 
circle of squares (Fig. 6-12) designates the top conductors; the 
inner circle, the bottom conductors. The short radial lines 
connecting these points represent clips or connections between 
top and bottom conductors. For example, between A, and Ay there 
are 2 clips or connections joining 2 upper and 2 lower con- 
ductors, 


The further simplification of Fig. 6-12 is shown in Fig. 
6-13. Here only the beginning and end of the same coil series 
of phase A are shown. The radial lines representing clips are 
shown only in the region of the leads of phase A; in all other 
parts of the diagram, a number is shown which denotes the number 
of coils or clips between the parts. This diagram is the same 
as the Working Diagram of Fig. 6-27. This skeleton diagram then 
suffices to install the winding. 


If half-turn coils are used, the winder installs all the 
bottom conductors, marking the lower conductor of slot l. Next 
he installs all the top conductors. Starting with lower con- 
ductor 1 and connecting it with upper conductor 64, all the con- 
nections between upper and lower conductors are then made in 
sequence, at the end opposite the lead-end. At the lead-end, 
lower conductor 1 is marked for connection to the rings. Upper 
conductor 10 is connected by a clip with lower conductor 2, and 
upper conductor 11 to lower conductor 3, This agrees with the 
diagram which shows 2 connections between upper and lower con- 
ductors progressing clockwise from A,. 
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Fig. 6-13. Working diagram of the retrogressive (SP) 
connection of the winding shown in Fig. 6-ll 
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Fig. 6-14. Fully developed winding with a retrogressive (SP) 
connection for 60 slots, 8 poles, and spp = 2 1/2 


The next upper conductor is a jumper lead Ay. There follow 
then 6 clips or connections joining 6 upper and 6 lower con- 
ductors. The next lower conductor is a lead A,, which is then 
followed by 2 connections between 2 upper and 2 lower conductors. 
The next upper conductor is a jumper A, which connects with Ao. 
There follow 12 connections between 12 upper and 12 lower con- 
ductors. The process continues on around until the winding is 
completely connected. 


If full-turn coils are used, the winder installs and marks 
the first coil as the number one coil. The bottom coil side is 
placed in the bottom of slot 1 and the top coil side in slot 64 
(because the back pitch = 9 slot pitches in this case). Pro- 
gressing clockwise facing the connection end, the winder installs 
the coils in the normal manner, until a bottom coil side is 
placed in the bottom of slot 19 and the corresponding top coil 
side in slot 10. This latter coil side (conductor) is now 
marked for connection with the bottom conductor of slot 2. This 
now fixes the beginning reference points. The remaining coils 
are now installed, and the winder will refer back to the start- 
ing position and make the connections of the coil ends according 
to the sequence given by the corresponding working diagran. A 
method of checking the connections is given in Chapter 12, Art. 
12-3. 


Fig. 6-14 represents a fully developed 8-pole winding in 60 
slots with retrogressive (SP) connection; spp = 21/2. The 
final Working Diagram is Fig. 6-26. 


Fig. 6-15 shows a fully developed 8-pole winding in 72 
slots with progressive-retrogressive (LP-SP) connection; spp = 
3. The final Working Diagram is Fig. 6-75. 


Pig. 6-16 shows a fully developed 8 pole winding in 60 
slots with progressive-retrogressive (LP-SP) connection; spp = 
21/2. The final Working Diagram is Fig. 6-74. 


The uge of the Tables and Working Diagrams will be explained 
by several examples: 
Example 1 


A 10-pole rotor has 90 slots and is to be wound with a re- 
trogressive winding. The Master Table 3-5 yields for 90 slots 
and 10 poles an spp ® 3. The Connection Table 6-4 for retro- 
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Fig. 6-16. Fully developed winding with a protec ee 
retrogressive (LP-SP) connection for 60 slots, 
8 poles, and spp = 2 1/2 


gressive (SP) connection, and spp = 3, gives the following posi- 
tion of the leads and reversing jumpers for 10 poles: 


Leads Reversing Jumpers 
A, = in bottom conductor 1 Ay = in top conductor 12 
A, = in bottom conductor 10 A, = in top conductor 21 
B, = in bottom conductor 61 B, = in top conductor 72 
B, = in bottom conductor 70 B, = in top conductor 81 
CG) = in bottom conductor 3l Co = in top conductor 42 
Cy = in bottom conductor 40 C3 = in top conductor 5l 


The Conductor-distribution Table 6-30 shows the assignment 
of the slots to the various phases, and confirms that slots l, 
10, 12, 21 belong to phase A; slots 61, 70, 72, 81 belong to 
phase B; and slots 31, 40, 42, 51 belong to phase C. 


The Connection Table 6-4 indicates that the back pitch = 
the front pitch = 9 slot pitches. Further the Connection Table 
gives the number and location of the shorter and normal front 
pitch coils. This, together with the Distribution Table, serves 
to give the necessary information to lay out the completely de- 
veloped winding or to prepare the Working Diagran. The Working 
Diagram of this winding is given in Fig. 6-34. The short radial 
lines represent clips. There are shown on this figure the be- 
ginning and end of the first coil series of phase A, the back 
pitch, and the sequence of the shorter and normal front pitches, 
i.e., coils, for all 3 phases. Since spp = 3, the back as well 
as the front pitch is equal to 3 x 3 = 9 slot pitches. Thus, 
lower conductor 1 is connected with upper conductor (1 + 90) - 9 
= 82, and the last conductor of the first coil series of phase 
A is the top conductor (1 + back pitch) =1+9 +10. (See Fig. 
6-113.) The start of each phase is followed by (spp - 1) = 3 - 
1 = 2 short-front pitch coils, then by the jumper and 2 x spp = 
2 x 3 = 6 normal-front-pitch coils, then by the second lead and 
again by (spp - 1) = 2 short-front-pitch coils, then again by 
the jumper and finally by 18 normal-front-pitch coils. The be- 
ginning and end of each phase are connected to lower conductors, 
the jumpers to upper conductors. The Connection Table gives the 
same information. 
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Example 2 


A 14-pole rotor has 147 slots and is to be wound with a re- 
trogressive winding. The Master Table 3-5 yields for 147 slots 
and 14 poles an spp = 31/2. #=The Connection Table 6-5 for re- 
trogressive (SP) connection and spp = 3 1/2 gives the following 
position of leads and reversing jumpers for 14 poles: 


Leads Jumpers 
Ay = in bottom conductor 1 Ay = in top conductor 14 
A, = in bottom conductor 12 A, = in top conductor 24 
By = in bottom conductor 50 Bo = in top conductor 63 
B, = in bottom conductor 61 By = in top conductor 73 
C) = in bottom conductor 99 Co = in top conductor 112 
Cy = in bottom conductor 110 C3 = in top conductor 122 


The Conductor-distribution Tables 6-31 and 6-32 show the 
assignment of the slots to the various phases and confirm that 
slots 1, 12, 14, 24 belong to phase A; slots 50, 61, 63, 73 be- 
long to phase B; and slots 99, 110, 112, 122 belong to phase C, 
The Conductor-distribution Tables can also be used for changing 
the spacing between the beginnings of the phases if necessary 
(see Art. 6-4). |The Connection Table 6-5 shows that the back 
pitch is equal to 11 slot pitches and the front pitch is equal 
to 10 slot pitches. Further, the Connection Table gives’ the 
number and location of the short- and normal-front pitches, 


The Working Diagram of the winding is given in Fig. 6-46. 
The back pitch is (3 x spp) #+1/2=3x31/2+1/2= 11, 
and the front pitch is (back pitch - 1) = 11-1 #10. There- 
fore, the lower conductor 1 is connected with the upper con- 
ductor (1 + 147) - 11 = 137, and the last conductor of the first 
coil series of phase A is the top conductor 11 (= back pitch). 
(See Fig. 6-114.) The start of each phase is followed by (spp - 
1/72) = 31/2 -1/2 = 3 short-front-pitch coils, then by the 
jumper and 2x spp = 2x31/2 «#7 normal-front-pitch coils, 
then by the second lead and (spp - 11/2) =31/2-11/2=2 
short-front-pitch coils, then again by the jumper and finally by 
35 normal-front-pitch coils. The beginning and end of each 
phase are connected to lower conductors, the jumpers to upper 
conductors, The Connection Table gives the same information. 
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Example 3 
A 6-pole rotor has 54 slots and is to be wound with a pro- 


gressive-retrogressive winding. The Master Table 3-5 yields for 
54 slots and 6 poles an spp = 3. The Connection Table 6-16 for 
progressive-retrogressive (LP-SP) connection and spp = 3 gives 
the following position of leads and jumpers for 6 poles: 


Leads Jumpers 
A, = in top conductor 1 Ay = in bottom conductor 48 
A, = in top conductor 12 A, = in bottom conductor 1 
By = in top conductor 25 Bo = in bottom conductor 18 
B, = in top conductor 36 B, = in bottom conductor 25 
C, = in top conductor 13 Co = in bottom conductor 6 
C, = in top conductor 24 C3 = in bottom conductor 13 


The Connection Table shows that the back pitch= front pitch 
= 9 slot pitches. Further, the Connection Table shows that the 
first or clockwise going part of each phase has 2 long-front 
pitches, while the second or counter-clockwise going part of 
each phase has 2 short-front pitches. The Table also shows 
that there are 6 normal-front pitches between Ao and Ay, Bo and 
B., and Co and Cy. 

The conductor distribution of this winding is given in 
Table 6-30 and the Working Diagram is given in Fig. 6-67. The 
back and front pitches are equal to (3 x spp) =3x 3 =9 slot 
pitches. Therefore, upper conductor 1 is connected with lower 
conductor 1 +9 = 10 and the last conductor of the first coil 
series of phase A is the bottom conductor (1 + number of slots - 
back pitch) = 1 + 54 - 9 = 46. (See Fig. 6-115). The start of 
each phase is followed by (spp - 1) = 3 - 1 = 2 long-front-pitch 
coils, then by the jumper and (2xspp) = 2 x 3 = 6 normal-front- 
pitch coils, then again by the jumper and (spp -1) =3-1=2# 2 
short-front-pitch coils, and then by the end of each phase, Be- 
tween lead A, and lead Cj): and also between lead C, and lead B, ; 
there are no coils, but between lead B, and lead A, there are 18 
normal-front-pitch coils. 


In the foregoing examples of a 10-pole and a 14-pole wind- 
ing, the beginnings of the 3 phases are 120 mechanical, as well 
as electrical, degrees apart, and the number of normal-front- 
pitch coils between the second jumper lead and the beginning of 
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the next following phase is the same for all 3 phases. The equal 
spacing of the 3 phase beginnings is not possible when the nun- 
ber of poles is 6 or a multiple of 6, i.e., 12, 18, 24, and so 
on, In these cases, the number of normal-front-pitch coils be- 
tween the leads (or second jumper lead) is determined by the 
Connection Table. 


Consider again the Connection Table 6-16 of :the 6-pole 
winding. The second lead or end of phase A lies in the top 
of slot 12, and the beginning of phase C lies in the top of slot 
13. Further, the second lead of phase C lies in the top of slot 
24, and the beginning of phase B lies in the top of slot 25. 
Therefore, there are no normal-front-pitch coils between the end 
of phase A (A,) and the beginning of phase C (C,) as well as be- 
tween the end of phase C (C,) and the beginning of phase B (B,); 
but there are 18 normal-front-pitch coils between the ends of 
phase B (B,) and the beginning of phase A (A,). 


6-4, General Rules for Laying Out Conductor-distribution 
bles and Connectio ble In order to lay out a Connection 


Table, first the starts of the 3 phases, A,, B,, and C, (see 
Figs. 6-5, 6-6, 6-9, and 6-10), must be determined. For this 
purpose, either a Conductor-distribution Table can be used, if 
available, or the formulae given below. 


A wave winding with spp = integer is laid out in the same 
way as the integral-slot lap winding. For example, for spp = 3, 
the assignment of the slots to the 3 phases is as follows: 
1-2-3 4-5-6 7-8-9 10-11-12 13-14-15 16-17-18 
A C B A C B 
When spp = (integer + 1/2), (spp + 1/2) and (spp - 1/2) slots, 
alternating, are to be assigned to the 3 phases, This applies 
to the retrogressive (SP) connection, as well as to the pro- 
gressive-retrogressive (LP-SP) connection considered inthe fore- 
going. For example, for spp = 31/2, the assignment of the 
lower conductors to the 3 phases is as follows: 
1-2-3-4 5-6-7 8-9-10-11 12-13-14 15-16-17-18 19-20-21 
For the upper conductors the distribution is then (see Art. 6-2) 
1-2-3 4-5-6-7 8-9-10 11-12-13-14 15-16-17 18-19-20-21 


A C B A C B 


' The formulae which can be used instead of the Conductor-distri- 
bution Table are: 
A, lies in slot l 


B, lies in slot (1 + 2 x spp) + x Integer }(6-2) 


No.of poles 


C, liva in slot (1 +4 x spp) + x Integer 


No.of poles 
The integer can be 0, 1, 2, 3, and so on. Its value is usually 
different for B, and C,- The integers determine the spacing of 
the phase beginnings around the rotor and are chosen in such a 
manner that the distance between the 3 phase beginnings is 120 
mechanical degrees. As explained in Art. 6-3, this is possible 
only for the pole numbers which are not equal to 6 or a multiple 
of 6. The formulae apply to spp = integer as well as to spp = 
(integer + 1/2). 


Once the phase beginnings are fixed, the second lead A,, and 
the leads to the reversing jumper Ay and A., can be determined 
from the following formulae: 


(a) Retrogressive (SP) connection, spp = integer 
A, = A, + (back pitch + spp-1) 
B, + (back pitch + spp-1) 
Co = C, + (back pitch + spp-1) 
A, = Ay + back pitch 
B, + back pitch (6-3a) 
Co + back pitch 
A, = A, + back pitch 
B, = By + back pitch 
C, + back pitch 
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Number of short-front-pitch coils between A, 
and Ay, = spp - l 

Number of short-front-pitch coils between A, 
and A, = spp -l 


(See Fig. 113) 


(b) Retrogressive (SP) connection, spp = (integer + 1/2) 
Ao = A, + (back pitch + spp-l 1/2) 


A, = Ay + (back pitch -1) 
A, = A, + back pitch 
Bo = By + (back pitch + spp-l 1/2) (6-3b) 


B, = Bo + (back pitch -1) 
B, = By + back pitch 
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Co = Cy + (back pitch + spp-1 1/2) 
Cy = Co + (back pitch -1) 
C, = C; + back pitch 


Number of short-front-pitch coils between A, 
and A, = spp - 1/2 

Number of short-front-pitch coils between A, 
and A, = spp - 1 1/2 


(c) Progressive-retrogressive (LP-SP) connection, spp = integer 
An = A, + (number of slots - back pitch + spp-1) 
=A, 
A, = A, + (back pitch + spp-1l) 
Bo = B, + (number of slots - back pitch + spp-1l) 
B, = B, (6-3c) 
B, = B, + (back pitch + spp-1) 
Co = Cy + (number of slots - back pitch + spp-1) 
Cs = Cy 
C, =C, + (back pitch + spp-1) 
Number of long-front-pitch coils between A, 
and Ay ® spp-l 
Number of short-front-pitch coils between A, 
and A, = spp-l 
(d) Progressive-retrogressive (LP-SP) connection, spp = (integer 


+ 1/2) 
An = A, + (number of slots - back pitch + spp-1/2) 


A 
A, = 4, + (back pitch + spp-l1 1/2) 
= B, + (number of slots - back pitch + spp-1/2) 
= By (6-3d) 
B, = B, + (back pitch + spp-1 1/2) 
Co = C, + (number of slots - back pitch + spp-1/2) 
Cs = C) ; 
C, = C, + (back pitch + spp-1 1/2) 
Number of long-front-pitch coils between A, 
and A, = spp-1 1/2 
Number of short-front-pitch coils between A. 
and A, = spp-1/2 


(See Fig. 114) 


(See Fig. 115) 
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(See Fig. 116) 


For the retrogressive (SP) connection, 2 X spp normal-front- 
pitch coils always lie between Ay and A,,and for the progressive- 
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retrogressive (LP-SP) ‘connection 2x spp. normal-front-pitch 
coils always lie between Ay and A.. This fact can also be used 
in order to check or determine the spp of a wave winding. 


When the number of conductors per slot is larger than 2 
(see Art. 6-6), then the number of clips counted between A, and 
A, or Ay and A, must be divided by the number of conductors per 
layer, in order to determine the real spp. 


The number of normal-front-pitch coils which follow the re- 
versing jumper lead A,, in retrogressive (SP) windings (Figs. 
6-113 and 6-114), or the lead A,, in progressive-retrogressive 
(LP-SP) windings (Figs. 6-115 and 6-116), depends upon the total 
number of slots and the number of poles. It has been pointed 
out in Art. 6-3 that equal spacing between the phase beginnings 
can be achieved only in the windings with the number of poles 
different from 6 ora multiple of 6. In the cases of equal 
spacing, the number of normal-front-pitch coils between the 
jumper lead A, in retrogressive (SP) windings, or lead A, in 
progressive-retrogressive (LP-SP) windings, and the beginning of 
the next phase is equal to 

No, of slots 


——7——— - 4 x spp 


When the number of poles is equal to 6 or a multiple of 6, the 
number of normal-front-pitch coils between A., in retrogressive 
windings, or A,, in progressive-retrogressive windings, and the be- 
ginning of the next phase depends upon the slot in which the 
next phase starts. The latter is to be taken from a Connection 
Table, if available, or is to be determined for each case, 

The same 3 examples will be considered as in Art. 6-3. 
Example 1 

10-pole rotor with 90 slots and retrogressive (SP) connec- 
tion. Here, spp = 3, back pitch = front pitch = 9 slot pitches 
(See Eq. 6-1). The beginning of phase A lies in slot 1. The 
beginning of phase B can lie in slot (1 + 2 x 3) + 2K 20 x in- 
teger = 7 +18 x integer (See Eq. 6-2). The integer can be equal 
to 0, 1, 2, or 3, i.e., the beginning of phase B can lie in one 
of the slots 7, 25, 43, 61, or 79. The beginning of phase C can 
lie in slot (1 44x 3) +18 x integer = 13418 x integer 
where the integer 0, 1, 2, or 3, i.e., the beginning of phase C 
can lie in one of the slots 13, 31, 49, 67, or 85. 
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Equal spacing between the phase beginnings is achieved when 
phase A starts in slot 1 and the other 2 phases start in slots 
dl + a) and (1 + 2 x 2), respectively, i.e., in the slots 31 
and 61. Therefore, the start of phase C will be put in slot 31 
and the start of phase B in slot 61. The same result is obtained 
from the Conductor-distribution Table 6-30 for spp = 3. Note 
that the slot chosen for the beginning of phase B must have the 
same polarity as slot 7, and the slot chosen for the beginning 
of phase C must have the same polarity as slot 13, i.e., the 
slot chosen for the beginning of a phase must have the same 
polarity as the first slot of the series of slots possible as 
beginnings for this phase. 


For the other leads of the 3 phases, the formula (6-3a) 
yields: 
Ag = 1+ (9+#3-1)=12 
B, = 61 + (9 + 3-1) = 72 
Cy = 31 + (9 +3 -1) = 42 


A, = 12+4+9 = 21 
B, =72+9 = 81 
Cy = 42 +9 = 5l 


A, =149e# 10 
B, = 61 +9 = 70 
Cy = 31 +9 = 40 


Between A, and A, and between A, and A, there are spp - 1 = 2 
short-front-pitch coils; between Ay and A, there are 2 x spp = 6 
normal-front-pitch coils; and between Ay and Ci, Cy and By» B, 
and A, there are 


a - 4 x spp = 30 - 12 = 18 normal-front-pitch coils 


This is in accordance with the Connection Table 6-4 for retro- 
gressive winding and spp = 3. Conductors A), Ag, By, By, C}, Cy are 
lower conductors, and conductors Ay, Az, Bo, Ba; Co; C, are 
upper conductors. (See page 273). 


Example 2 
14-pole rotor with 147 slots and retrogressive (SP) connec- 


tion. spp = 31/2, back pitch = 11, front pitch = 10 slot 
pitches (see Eq. 6-1). The beginning of phase A lies in slot l. 
The beginning of phase B lies in oneof the slots (1 + 2 x 3 1/2) 
+ AE Ae x integer = 8 + 21 x integer, where the integer 0, l, 
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2, 3, 4, 5 or 6, i.e., the beginning of phase B_ can lie in one 
of the slots 8, 29, 50, 71, 92, 113, or 134 (see Eq. 6-2). The 
beginning of phase C can lie in one of the slots (1 + 4x 3 1/2) 
+ 21 x integer = 15, 36, 57, 78, 99, or 120. For equal spacing, 
the beginning of the 3 phases should lie in slots l, l + 431 = 
50, and 1 + 2 x Wt = 99. Therefore, the start of phase B will 
be put in slot 50 and that of phase C in slot 99. The Conductor 
Distribution Table 6-31 or 6-32 shows that these slots can be 
chosen as beginnings of the phases, since slot 50 has the same 
polarity as slot 8 and slot 99 has the same polarity as slot 15. 
The formula (6-3b) yields for the other leads of the 3 phases: 

Ay =1 +4 (11 +3 1/2 - 11/2) = 14 

Bo 50 + (11 + 3 1/2 - 1 1/2) = 63 

Co * 99 + (11 + 3 1/2 - 1 1/2) = 112 


A. = 144 (11 - 1) = 24 
Bg = 63 + (11 - 1) = 73 
C, = 112 + (11 - 1) = 122 


A, =1+4¢411 = 12 

B, = 50 + 11 = 61 

Cy 99 + 11 = 110 
Between A, and Ao; there are (spp - 1/2) = 3 short-front-pitch 
coils; between A, and A, there are (spp - 1 1/2) = 2 short-front- 
pitch coils. Between Ay and A, there are 2 x spp = 7 normal- 
Saar coils. Between A, and B), B, and C,, Cy and A), there 
are “> - 4 x spp = 49 - 14 = 35 normal-front-pitch coils. This 
is in accordance with Connection Table 6-5 for retrogressive 
winding and spp = 3 1/2. Conductors AL: Ags B)> B,; C,; C, are 
lower conductors. Conduc tors Ao, Ag, Bo, B., Co, Cy are upper 
conductors. (See page 277). 


Example 3 


6-pole rotor with 54 slots and progressive-retrogressive 
connection. spp = 3, back pitch = front pitch = 9 (see Eq. 6-1). 
The beginning of phase B can lie in one of the slots (1 # 2 x 3) 
+ 2x34 x integer = 7+ 18 x integer, where the integer 0, l, 
or 2, i.e., in slot 7, 25, or 43, and the beginning of phase C 
can lie in one of the slots (1 + 4x 3) + 2 ; 34 x integer = 13 
+ 18 x integer, where the integer 0, 1, or 2, i.e., in slot 13, 
31, or 49 (see Eq. 6-2). For equal spacing, the beginnings of 
the 3 phases should lie in slots 1, 1 + 3 - 19, and 


1+ 2 x 3 - 37. The Conductor-distribution Table 6-30 
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shows that the slots 19 and 37 do not appear in the series of 
slots possible for the beginnings of phases B and C (7, 25, 43, 
and 13, 31, 49,respectively). Therefore, equal spacing is not 
possible, and two other slots must be chosen. Slot 13 can be 
chosen for the beginning of phase C, and slot 25 for the begin- 
ning of phase B. The position of the other leads can be deter- 
mined by using the formula 6-3c. 


6-5. General Rules for Laying Out a Working Diagram. In 
Art. 6-3, many Working Diagrams are given for different number 


of poles, for different values of spp, and for both the retro- 
gressive (SP) as well as the progressive-retrogressive (LP-SP) 
connection, The number and the sequence of abnormal- and normal- 
front pitches in the region of the leads of each phase are de- 
termined by the value of spp and kind of connection. They are in- 
dependent of the number of poles. Figs. 6-113 to 6-116 show the 
number and sequence of abnormal- and normal-front pitches in 
phase A for the retrogressive (SP) and the progressive-retro- 
gressive (LP-SP) connections. They also show the beginning and 
end of the first coil series of phase A. Figs. 6-113 and 6-115 
refer to spp = integer. Figs. 6-114 and 6-116 refer to spp = 
(integer + 1/2). 


As explained in Art. 6-4, the number of normal-front-pitch 
coils between the jumper lead A, and the beginning of the next 
phase for retrogressive (SP) windings (Figs. 6-113 and 6-114) or 
between A, and the beginning of the next phase for progressive- 
retrogressive (LP-SP) windings (Figs. 6-115 and 6-116) depends 
upon the number of slots and the number of poles. For 120° 
mechanical and electrical spacing of leads, the number of normal- 
front-pitch coils following A, for retrogressive (SP) windings, 
and A, for progressive-retrogressive (LP-SP) windings is equal 
to 


Spp 


except for windings with 6 poles or a multiple of 6 poles. In 
these latter cases, other lead spacing must be used, and the 
number of normal-front-pitch coils between A, for retrogressive 
(SP) windings or A, for progressive-retrogressive (LP-SP) wind- 
ings and the beginning of the next phase depends upon the slot 
in which the next phase starts. 


No. of slots _4 , 
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Fig. 6-113. General Working Diagram for determining the 

start and finish of the first coil series of phase A, 

and the sequence of coil connections in the vicinity of 

the leads of phase A for a_ retrogressive (SP) winding 
with spp = integer. 


Legend: A = Bottom of slot l. 
B = Top of slot (1 + Number of slots - back pitch) 
C = Top of slot (1 + back pitch) 
SP = Short-front-pitch coil. 
NP = Normal-front-pitch coil. 
J = Reversing jumper. 
an 
‘ 
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Fig. 6-114. General Working Diagram for determining the 

start and finish of the first coil series of phase A, 

and the sequence of coil connections in the vicinity of 

the leads of phase A for a _ retrogressive (SP) winding 
with spp = (integer + 1/2). 


Bottom of slot l. 

Top of slot (1 + Number of slots - back pitch) 
Top of slot (= back pitch) 

Short-front-pitch coil. 

Normal-front-pitch coil. 

Reversing jumper. 


Legend: 
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Fig. 6-115. General Working Diagram for determining the 

start and finish of the first coil series of phase A, 

and the sequence of coil connections in the vicinity of 

the leads of phase A for a progressive-retrogressive 
(LP-SP) winding with spp = integer. 


Top of slot l. 

Bottom of slot (I + back pitch) 

Bottom of slot (1 + Number of slots - back pitch) 
Short-front-pitch coil. 

Normal-front-pitch coil. 

Long-front-pitch coil. 

Reversing jumper. 
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Fig. 6-116. General Working Diagram for determining the 

start and finish of the first coil series of phase A, 

and the sequence of coil connections in the vicinity of 

the leads of phase A for a_ progressive-retrogressive 
(LP-SP) winding with spp = (integer + 1/2). 


Top of slot l. 

Bottom of slot (1 + back pitch) 

Bottom of slot (2 + Number of slots - back pitch) 
Short-front-pitch coil. 

Normal-front-pitch coil. 

Long-front-pitch coil. 

Reversing jumper. 


Legend: A 
B 
C 
P 


~” 


NP 
LP 
J 
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The total number of clips at the connection-end of a wind- 


ing is equal to 
No. of coils - 6 


The total number of clips for half-turn coils is equal to the 
total number of clips at the connection end of the winding plus 
the total number of clips at the end opposite the connection end. 
The number of clips at the end opposite the connection end is 
equal to the number of coils. Figs. 6-113 to 6-116, as well as 
the foregoing considerations, refer to phase A. They apply also 
to phases B and C. 


The same examples will be considered as in Art. 6-3. 


Example 1 
10-pole rotor with 90 slots and a retrogressive (SP) wind- 


ing. Fig. 6-34, Fig. 6-113, and Connection Table 6-4 apply to 
this case. Table 6-4 shows that the back pitch is equal to 9 
slot pitches. Fig. 6-113 shows that A); the start of the first 
coil series of phase A, lies in the bottom of slot 1 and con- 
nects by back pitch = 9 with upper conductor 1 + 90 - 9 = 82. 
Fig. 6-113 also shows that the end of the first coil series lies 
in upper slot 1 + 9 = 10 and connects to lower conductor 2. It 
also shows, as well as does Table 6-4, that there are (spp - 1) 
= 2 short-front-pit¢éh-coils between Al and the upper jumper lead 
Ao. Following Ao; there are 2 x spp = 2 x 3 = 6 normal-front-pitch 
coils between Ay and the lower lead Ay. Following Ay, there are 
2 more short-front-pitch.coils and this is followed by the upper 
jumper lead Ag. Connection Table 6-4 shows that following Ay 
there are 18 coils between A, and the start of the next phase 
C,. The Table also shows the coil connection sequence following 
C) and then B, from which the Working Diagram Fig. 6-34 is ob- 
tained. 


Example 2 | 
14-pole rotor with 147 slots and a retrogressive (SP) con- 


nection. Fig. 6-46, Fig. 6-114, and Connection Table 6-5 apply 
to this case. Table 6-5 shows that the back pitch is equal to 
11 slot pitches. Fig. 6-114 shows that A; the start of the 
first coil series of phase A, lies in the bottom of slot 1 and 
connects by back pitch = 11 with upper (1 #147 - 11) = 137. 
Fig. 6-114 also shows that the end of the first coil series is 
upper conductor of slot 1 +11 = 12 and connects to the lower 
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conductor 2. It also shows, as well as does Table 6-5, that 
there are (spp - 1/2) = 31/2 - 1/2 = 3 short-front-pitch coils 
between Ay and the upper jumper lead Ap. Following Ay; there 
are 2x 31/2 =7 normal-front-pitch coils between Ay and the 
lower lead Ay. Following A, there are now (spp - 1 1/2) = (3 1/2 
- 11/2) = 2 short-front-pitch coils and this is followed by the 
upper jumper lead Ag. Connection Table 6-4 shows that following 
Ag there are 35 normal-front-pitch coils between A, and the 
start of the next phase B, . The Table also shows the coil con- 
nection sequence following By and then C, from which the Working 
Diagram Fig. 6-46 is obtained. 


Example 3 
6-pole rotor with 54 slots and a progressive-retrogressive 


(LP-SP) connection. Fig. 6-67, Fig. 6-115, and Connection Table 
6-16 apply to this case. The Connection Table shows that the 
back pitch is equal to 9 slot pitches. Following the directions 
of Fig. 6-115, the start and end of the first coil series of 
phase A are fixed. It shows that upper conductor Ay connects by 
back pitch = 9 with lower conductor 10, and that the end of the 
coil series is lower conductor of slot 46 which connects with upper 
conductor 2. Following Ay there are 2 long-front-pitch coils, 
lower jumper lead Ap, 6 normal-front-pitch coils, lower jumper 
lead Ag, 2 short-front-pitch coils, and finally upper lead Ay. 
Table 6-16 shows that the foregoing coil sequence is true also 
for phases B and C. Since the number of poles is 6, the spacing 
between Aj; B, ; and C, is not equal, and the number of coils be- 
tween A, and C); C4 and B, » and B, and A, depends upon the slot 
in which CG} and By start. One solution is shown by Table 6-16 
which shows that there are no coils between A, and C}; and C, 
and B,; but that 18 normal-front-pitch coils lie between By and 
A). Working Diagram 6-67 is developed in this way. 


Fig. 6-117 shows aphotograph of the connection end of a 210 
slot rotor prior to the application of the reversing jumpers and 
leads. 


6-6. Wave Winding with More Than 2 Conductors Per Slot, 
In the foregoing, the windings with 2 conductors per slot, one 


in each layer, were considered. A conductor may consist of 2 
parallel straps, insulated together or separately, but with ends 
connected by the same clip. In general, all straps which lie in 
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Fig. 6-117. Lead end of a 210-slot rotor connected 
for 14 poles with spp = 5. Progressive-retrogressive 
(LP-SP) winding with 2 conductors per slot. Note the 
2 different kinds of clips; the commonly used solid 
clips and the long ones looking like a figure 8 and 
used as_ fan blades. At 3 symmetrical places’ there 
are 4 conductors, 2 of which are to be connected by a 
jumper andthe other 2 are the beginning and end, 
respectively, of a phase. 
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the same clip make a single conductor. Thus, if there are more 
than 2 conductors per slot, i.e., 2 or 3 conductors per layer, 


the number of clips will be increased as if there were more slots 
with only 2 conductors, one per layer. For example, a 6-pole 
rotor with 54 slots and 2 conductors in each layer has the same 
number of coils and clips as a 6-pole rotor with 108 slots and 1 
conductor in each layer. Hence, a winding with more than one 
conductor per layer can be treated as a one which has a ficti- 
tious number of slots equal to the 
Real number of slots X Conductors per layer 


and a fictitious spp equal to the 
Real spp X Conductors per layer 


If the 6-pole winding of the example with 54 slots, i.e., spp = 
3, had 2 conductors per layer, it would be represented by the 
Connection Table 6-22 for spp *= 3x2 =6with 54x 2 = 108 
slots. The Working Diagram for this winding is the same as for 
6 poles and 108 slots, i.e., spp = 6. Note that the number 
found in this way in the Connection and Conductor-distribution 
Tables and in the Working Diagrams refer to conductors and not 
to slots, i.e., in windings with more than 2 conductors per 
layer, the upper or lower conductors and not the slots are to be 
numbered by the consecutive digits, 1, 2, 3, 4, etc. 


A practical example is given in Figs. 6-118 and 6-119, 
which show a wound rotor having a_ star-connected retrogressive 
winding with 2 coil sides per slot per layer. The rotor has 90 
Slots and is connected for 8 poles. The fictitious number of 
slots is equal to 90 x 2 = 180, and the fictitious spp is equal 
to zo x 2=71/2. This can be checked by noting that there 
are (spp - 1/2) = (7 1/2 - 1/2) = 7 coils (clips) following a 
lead; that there are 2 x spp = 2 x 7 1/2 = 15 clips between the 
jumper lead (Ay) and the star lead (Ag); that there are (spp - 
1 1/2) = (7 1/2 - 11/2) = 6 clips between star lead A, and the 


remaining jumper lead Ay; and finally that there are No.of coils 
- 4x spp = 180 - 4x 71/2 = 30 clips between the lead Ay and 
the beginning of the next phase. Fig. 6-118 shows’ the entire 
lead connection end, and . Fig. 6-119 shows the coil connections 
near the leads of one phase and also shows the 2 coils per slot 
per layer. 
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Fig. 6-118. 
8 poles. 


Lead end of a 90-slot rotor connected for 
Retrogressive winding with 2 conductors per 
slot per layer. 
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Fig. 6-119. Close-up of coil connections in vicinity 
of the leads of the rotor winding of Fig. 6-118. Note 
2 coils per slot per layer. 
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6-7. Series Star and Series Delta Connection of Phases. 
In Figs. 6-5, 6-6, 6-9, 6-10, as well as in the Working Diagrans, 
both parts of each phase are connected by the reversing jumper 
placing all coils of each phase in series. From these diagrams, 
the series star connection can be readily obtained by connecting 
the ends of the 3 pheses (Aq, By; C4) to a star point (Fig. 
6-120). The beginnings of the phases (Aj, B)» C)) are connected 
either to slip rings or to lines. The series delta connection 


A, 





C, 

Fig. 6-120. Schematic dia- Fig. 6-121. Schematic dia- 
gram for the series star gram for the series delta 
connection of the parts connection of the parts 

of the winding. of the winding. 


(Fig. 6-121) is obtained by connecting the end of phase A (A,4) 
with the beginning of phase B (B,), the end of phase B (B,) with 
the beginning of phase C (C)),; and the end of phase C (Cy) with 
the beginning of phase A (A, ); or the end of phase A (A) with 
the beginning of phase C (C)), the end of phase C (C4) with the 
beginning of phase B (B,), and the end of phase B (B,) with the 
beginning of phase A (A), whichever makes possible the shortest 
connection between phases. The corner points of the delta are 
connected either to slip rings or to lines. 

Both series star and series delta connections are tabulated 
in Table 6-42. 

6-8, Two Parallel Star and 2 Parallel Delta Connections, 
The 2 parallel star and the 2 parallel delta connection can be 
obtained easily by opening the reversing jumper and connecting 
both parts of each phase in parallel. Fig. 6-122 shows the 2 
parallel star connection. The beginnings of each 2 parts A, and 
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Fig. 6-122. Schematic dia- Fig. 6-123. Schematic dia- 


gram of a 2-parallel star gram Of a 2-parallel delta 
connection for spp = connection for spp = 
integer. integer. 


Ay, By and By, and C, and Cy are respectively connected together 
and also. the ends of each 2 parts, Ay and Ay; Bo and By; and Co 
and Cy are respectively connected together. The ends of Ay —> 
Ay, Bo > B,; and Co C, are connected to the star point, while 
the beginnings A, —> A, B, —> Ba, and C7 Cy are connected to 
the slip rings or lines. 


Fig. 6-123 shows the 2 parallel delta connection. The 2 
parts of each phase are connected in the same way as for 2 
parallel stars. Then the ends Ay —> A, of phase A are connected 
with the beginnings B,—> Bs of phase B, the ends Bo—> B, of phase 
B with the beginnings C,— > C, of phase C, and finally the ends Cy 
—> C, of phase C with the beginnings A, —> A of phase A. The 
corner points of the delta are connected either to slip rings or 
to lines. Both parallel star and parallel delta connections are 
tabulated in Table 6-42. 


Note that the placing in parallel of the 2 parts of each 
phase by opening the reversing jumper applies only to spp = 
integer. When spp = (integer + 1/2), both parts of each phase 
have different numbers of coil series (see for example, Fig. 
6-9) and, therefore, cannot be connected in parallel. The 
parallel connection of windings with spp = (integer + 1/2) is 
treated in Art. 6-10. 


6-9. Integral-slot Windings with More than 2 Parallel Cir- 
cuits. When spp is an integer, the maximum possible number of 
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parallel circuits is equal to the number of poles, just as in 
the case of the lap winding. Any other number of parallel cir- 


cuits chosen must be such that the number of poles is divisible 
by this number. 


It has been explained in Art. 6-8 that in the case spp * 
integer, 2 parallel circuits can be obtained by placing in 
parallel both parts of each phase (see Figs. 6-122 and 6-123). 
Therefore, if a larger number of parallels than 2 is desirable, 
each part must be divided in parallel paths. The maximum 
possible les). of parallel paths in each part is equal to 
—— rt (Nos of poles ) is larger than and divisible 
by the number of oe parallel paths, all parallel paths 
can be arranged in each part and both parts connected in series. 
If ( Xo. of poles \ is not divisible by the number of desirable 
paths, then the 2 parts must be connected in parallel and each 
part can have only one-half of the desired number of parallel 
paths. For example, if 10 parallel paths are desirable in a 20- 
pole winding, either each part must be divided into 10 parallel 
paths and both parts connected in series, or each part must be 
divided in 5 parallel paths and both parts connected in parallel. 
If 4 parallel paths are desired, this can be achieved only by 
dividing each part in 2 parallel paths and connecting both parts 
in parallel. On the other hand, if 5 parallel paths are desir- 
able, this can be achieved only by arranging 5 parallel paths 
in each part and connecting the 2 parts in series. If the maxi- 
mum number of parallel paths which is equal to the number of 
poles (in the example, 20) is desirable, then each part must be 
arranged in (No. of poles ) parallel paths, and the 2 parts con- 
nected in parallel. For the same number of desirable parallel 
paths, different arrangements are often possible. The arrange- 
ment with the smallest number of jumpers should be used. This 
will be explained in the discussion of the examples. 


In order to determine the conductors which belong to each 
parallel path in each part of the phase, the following procedure, 
which will be applied to phase A, can be used: 

(a) Use the Conductor Distribution Table for the upper con- 
ductors and write, beginning. with the starting upper con- 
ductor of the phase, the upper conductors which lie under 


all poles of same polarity as the polarity of the starting 
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(b) 


(c) 


(d) 


(e) 


(f) 


conductor. For example, for phase A, start with upper con- 
ductor 1 and write all the upper conductors lying under the 
odd poles, since phase A_ starts under pole l,. The ‘con- 


ductors have to be written in (No. of poles ) horizontal rows 
with spp conductors in each row. 

Start the first parallel path of the first part of the 
phase with the conductor in which the phase starts. In 
phase A, this is the upper conductor l. 


Divide ( No. of poles ) by the number of desirable parallel 


paths in the part. The quotient, which must be an integer, 
determines the number of conductors in each column to be 
connected in series. 

Add to the starting conductor the number (2 x back pitch) 
and find this number in the same column, but in the’ second 
horizontal row. To this number again add (2 x back pitch) 
and find this new number in the same column, but in the 
third horizontal row. Repeat until the number of conductors 
in the starting column is equal to the quotient determined 
under (c). If the quotient is equal to 1, this number of 
conductors in the first column reduces to 1, namely, to the 
starting conductor. 

Add to the last conductor determined under (d), (2 x back 
pitch + 1) and find this number in a column other than the 
column containing the starting conductor and also in a dif- 
ferent horizontal row. Add to this conductor (2 x back 
pitch), and find this number in the same column. Cont inue 
with adding (2 x back pitch) the same number of times as 
before and then add (2 x back pitch #1) to find a con- 
ductor in the next column. Continue this procedure until 
the quotient determined under (c) x spp conductors has been 
determined. These conductors belong to the first parallel 
path of the first part. If the quotient is equal to l, 
there belongs to this path in each column only 1 conductor. 


Start the second parallel path with the first conductor of 
the (quotient + 1) -th horizontal row, the third parallel 
path with the (2 x quotient + 1) -th horizontal row, and so 
on, and determine for each path the quotient x spp. con- 
ductors. 
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(g) Repeat for the second part of the phase the same procedure 
as for the first part, using the upper conductors not con- 
tained in the first part. 

The method will be applied to several examples. 


Example 1. A 4-pole winding with 36 slots, i.e., spp = 3, and 4 
parallel paths. 


Here both parts of the phase must be connected in parallel 
and each part must consist of 2 parallel paths. It follows from 
the Conductor Distribution Table 6-30 that the first part of 
phase A contains the following upper conductors under the first 
and third poles 


Pole #1 Pole #3 
1 19 20 21 


2 3 
Arranged in (Ne. of les ) = $ =#= 2 horizontal rows with spp * 3 
conductors in each row. 
Pole 1 IN @ 


®D 
Pole 3 AX 2m 2d 


Since the quotient of (Ho. of poles | and the number of parallel 


paths in the part is equal to 1, only one conductor of each 
column belongs to each path. 


The upper conductors belonging to the 2 parallel paths of 
the first part are indicated by circles and triangles, respect- 
ively. 


The back pitch is 3 x 3 = 9 slot pitches; (2 x back pitch + 
1) = 2x9+4+1 is equal to 19. The starting conductor is l. 
Therefore, the first parallel path consists of the upper con- 
ductors 
l, 1 +19 = 20, 20 + 19 = 39 - 36 = 3 


The lower conductors belonging to the first parallel path 
are automatically determined by the back pitch; for clockwise 
winding, and left-hand coils, upper 1 connects with lower 1 + 9 
= 10; lower 10 connects with upper 20, upper 20 connects with 
lower 20 + 9 = 29; and lower 29 connects with upper 3 which con- 
nects to lower 3 +9 # 12. The path progresses through spp ® 3 
coils, and this ends the first path of the first part. The 
starting conductor of the second path of the first part is 19 
and the upper conductors belonging to this path are 19, 19 + 19 
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= 38 - 36 = 2, 2419 = 21. Again the path progresses through 
spp * 3 coils, 
upper 19—>lower 28— upper 2-— lower 1l1— upper 21— lower 30 


Fig. 6-124 shows phase A of this winding. Ay and Ay are 
the beginning and end of the first parallel path of the first 
part; Ay and A, are the beginning and end of the second parallel 
path of this part. The beginnings A) and Ag lie in upper con- 


ductors. The remaining upper conductors of phase A belong to 
the second part of this phase. These are the conductors 
10-11-12 28-29-30 


which lie under the even poles, and arranged again in two hori- 
zontal rows with three conductors in each row, 

Pole 2 = A, @ 

Pole 4 ae 29) VAN 
The first parallel path of the second part, indicated by circles, 
starts in upper conductor 10 and contains the upper conductors 

10, 10 + 19 = 29, 29 +19 = 48 - 36 = 12 

The path progresses through spp = 3 coils, 


upper 10—>lower 19—Supper 29—>lower 2-—> upper 12— lower 21 
This completes the first path of the second part. 


The second parallel path, indicated by triangles, starts in 

upper conductor 28. It contains the upper conductors 
28, 28 + 19 = 47 - 36 = ll, 11 +19 = 30 
and follows the path 
upper 28 lower 1—» upper 11—> lower 20—> upper 30—)lower 3 

This completes the second path of the second part. The corres- 
ponding lower conductors are determined by the back pitch. Each 
path progresses through spp # 3 coils (Fig. 6-124). Connecting 
all paths in parallel completes the 4-parallel connection de- 
sired. 


Example 2. An 8-pole winding with 72 slots and 8 or 4 parallel 
circuits. 


For 8 poles and 72 slots, spp = 3 and back pitch = 9 slot 
pitches. The Conductor Distribution Table 6-30 shows that the 
first pavt of phase A contains the following upper conductors 
under the cid poles 
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Pole l # 


Pole 3 = '; 
Pole 5 hs Chart A 


Pole 7 # 


(a) 8-parallel paths. For 8 parallel paths, the quotient 
of ( No.of poles f les | and the number of parallel paths in the part 
is equal to l. Therefore, only 1 conductor of each column be- 
longs to each path. 


The first parallel path starts with the upper conductor 1 
and contains the upper conductors 
li 1 + (2 x back pitch +1) #1 + 19 # 20, 20 + 19 = 39 
The second path starts with the upper conductor 19 and contains 
the upper conductors 
19, 19 +19 = 38, 38 +19 = 57 
The third path starts with the upper conductor 37 and contains 
the upper conductors 
37, 37 + 19 = 56, 56 +19 = 75 - 72 = 3 
and the fourth path starts with upper conductor 55 and contains 
the upper conductors 
55, 55 + 19 = 74 - 72 = 2, 2+¢+¢19 ® 21 
The lower conductors are determined by the back pitch = 9. So 
the lower conductors of the first part are 
1+9# 10, 20 +9 = 29, 39 +9 = 48 
Each parallel path progresses through only 3 coils, i.e., 6 
poles, because spp ® 3. 


The remaining upper conductors of phase A, i.e., those ly- 
ing under the even poles, belong to the second part of this 
phase. The conductors belonging to each of the 4 parallel paths 
can be determined in the same manner as for the first part. 


If 8 parallel paths are desirable, the 4 parallel paths of 
the first part and the 4 parallel paths of the second part are 
to be connected in parallel. 


(b) 4 parallel paths. If only 4 parallel paths are desired, 
either the 4parallel paths of the first part are to be connected 
in series with the 4 parallel paths of the second part, or the 4 
parallel paths of each part are to be connected in series in 
pairs and the pairs of one part connected in parallel with the 
pairs of the other part, or each of the 4 parallel paths of the 
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first part is to be connected in series with one of the 4 
parallel paths of the second part. Marking the polarities of 
the ends and beginnings of the paths is the best way to find out 
how the parts are to be connected in series or parallel (see 
Fig. 6-124). 


However, the number of jumpers per phase is reduced when 
the 4 parallel paths are achieved by arranging 2 parallel paths 
in each part and connecting the 2 parts in parallel as shown be- 
low. In this case, 2 conductors lying in the same column are 
connected in series and each parallel path of each part goes 
through 2 x spp coils. This is shown in Chart B. 


Chart B 
Pole 1 2 
Pole 3 20 
Pole 5 37 39 
Pole 7 55 57 


The first parallel path starts with upper conductor 1 and con- 
tains the upper conductors: 

i; 1 + 2x back pitch = 1418 = 19, 

19 + (2 x back pitch +1) = 19 +19 = 38, 

38 + (2 x back pitch) = 38 + 18 = 56, 

56 +19 = 75 - 72 = 3, 3418 = 21 


The second parallel paths starts with upper conductor 37 and 
contains the upper conductors 
37, 95, 2, 20, 39, and 57. 


Each parallel path goes through 2 x spp = 6 coils. ‘The re- 
maining upper conductors of phase A, i.e., those lying under the 
even poles, belong to the second part of this phase, and are to 
be arranged in 2 parallel paths in the same manner as that shown 
for the odd poles. The 2 parallel paths of the first part are 
then connected in parallel to the 2 parallel paths of the second 
part, thus accomplishing the 4 parallel paths. 


Example 3. A 20-pole winding with 300 slots arranged for either 
20, 10, 5, or 4 parallel paths. 


For this winding, spp = 5 and the back pitch is equal to 
15 slot pitches. 
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-pole, 4-parallel path winding 
Phase A only. 


4 
with spp = integer. 


36-Slot 


6-124. 


Fig. 


Connect A) => A, — Ag—> Ag together 
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Phase A only. 


4-pole, 2-parallel path winding 


with spp = (integer + 4) 


42-Slot 
Connect A, > Ag together and A 


- 6-125. 


Fig 


5—> Ay together 
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(a) 20 parallel paths. The quotient of ( No. 0% poles of _poles ) 
and the parallel circuits in the part is equal to 1. Therefore, 


only 1 conductor of each column belongs to each path. Each part 
has 10 parallel paths and the 2 parts are connected in parallel. 
The first part of phase A contains the following upper con- 
ductors under the odd poles 








Chart A 
Pole 1 2 3 4 5 
Pole 3 31 34 35 
Pole 5 61 62 64 65 
Pole 7 91 92 93 
Pole 9 121 122 123 £4124 


Pole 11 151 152 153 154 #155 
Pole 13 181 182 183 184 185 
Pole 15 211 212 213 #214 ~« «215 
Pole 17 241 242 243 244 #«1245 
Pole 19 271 272 273 #£=274 #275 
The first parallel path starts in upper conductor 1 and contains 
the upper conductors 
L 1 + (2 x back pitch +1) = 1 4+ 31 # 32, 
32 + 31 = 63, 63 + 31 = 94, 94 + 31 = 125 
The path is indicated by circles. The other 9 paths in the part 
start in upper conductors 31, 61, 91, 121, 151, 181, 211, 241, 
and 271, respectively, and follow the pattern set by adding (2 x 
back pitch + 1) to each conductor. 


The conductors’ belonging to each of the 10 parallel paths 
of the second part can be determined in the same manner as for 
the first part. 


(b) 10 parallel paths. There are two possibilities for 
connecting the winding for 10 parallel paths. Either each part 
is divided into 10 parallel paths and both parts are connected 
in series, or each part is divided into 5 parallel paths and 
both parts are connected in parallel. 


If the first method is adopted, then the procedure is the 
same as that shown under (a) and the two parts are connected in 
series. If the second method is adopted, then each part is 
divided into 5 parallel paths and the procedure is as shown in 
Chart B. The upper conductors under the odd poles are 
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Chart B 
Pole 1 D 2 3 4 5; 
Pole 3 QD 32 33 34 55 
Pole 5 BL GD 63 64 65 
Pole 7 oT CY) 93 94 95 
Pole 9 121 Lz 3s 124 125 
Pole 11 151 IS. 45D 154 155 
Pole 13-181 182 153) “sD | 185 
Pole 15 = 211 212 Is} 46 @1d._| «215 
Pole 17 = 241 242 243 544) | O45 
Pole 19 271 272 273 Sa— G5 
The ( i. of les ) divided by the desirable number of 


parallel paths (5) in the part is 2. Therefore, in accordance 
with the rules outlined above, there will belong to each path 2 
conductors in each column and there will be 2 x spp (2 x 5 = 10) 
conductors per parallel path. The first parallel path of the 
first part starts in upper conductor 1 and contains the upper 
conductors 

l, 1 + (2 x back pitch) = 1 + 30 = 31, 

31 + (2 x back pitch #1) = 31 + 31 = 62, 

62 + 30 = 92, 92 4 31 = 123, 

123 + 30 = 153, 153 + 31 = 184, 184 + 30 = 214, 

214 + 31 = 245, 245 + 30 = 275. 
The path is indicated by circles. 


The second parallel path of the first part starts in hori- 
zontal row 1 +# 2 # 3, or with upper conductor 61. The part is 
indicated by squares. Similarly, the remaining three paths in 
the part start with upper conductors 121, 181, and 241 respect- 
ively. The conductors belonging to each of the 5 parallel paths 
of the second part can be determined in the same way as for the 
first part. 


(c) 5 parallel paths. For 5 parallel paths in the wind- 
ing, each part must be divided into 5 parallel paths and the 
two parts connected in series. The procedure is exactly the same 
as that shown in Chart B. 


(d) 4 parallel paths. The only method to achieve 4 parallel 
paths in the winding is to divide each part into 2 parallel 
paths and to connect the 2 parts in parallel. (Each part 
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cannot be connected in 4 parallel paths because (No. of poles ) = 


10 is not divisible by 4.) Then, (No. of poles) 2 -54, = §. 


Thus, the number of conductors in the same column connected in 
series is equal to 5 and the number of conductors per parallel 
path = 5 x 5 = 25. The upper conductors under the odd poles are 
shown in Chart C. 


Pole 1 
Pole 3 
Pole 5 
Pole 7 
Pole 9 

Pole ll 

Pole 13 

Pole 15 215 

Pole 17 245 

Pole 19 271 212 273 214 275 
The first path of the first part starts in upper conductor 1 and 
contains the upper conductors 

l, 1 + (2 x back pitch) = 1 + 30 # 31, 

31 + 30 = 61, 61 + 30 = 91, 91 + 30 = 121, 

121 + (2 x back pitch + 1) = 121 + 31 = 152, 

152 + 30 = 182, etc. 
The path contains 25 conductors. The second parallel path starts 
in upper conductor 151 in the sixth (= 1 + 5) horizontal row. 





155 
185 





The conductors belonging to each parallel path of the 
second part can be determined in the same manner as for the 
first part. 


6-10, (Jntegral + 1/2) - Slot Windings with 2 or more than 
2 Parallel Circuits, It has been explained previously (see Art. 


6-8) that both parts of awave winding with spp = (integer + 1/2) 
cannot be connected in parallel since they have different numbers 


of coils. Parallel paths can be arranged only in each part 


separately. Both parts must have the same number of parallel 
paths and the parallel paths of one part must be connected in 


series with the parallel paths of the other part. Therefore, 
the maximum possible number of parallel paths is No._of — : 





Both parts are to be treated in the same manner as are the 
windings with spp = integer (see Art. 6-9). However, (2 x back 
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pitch) and not (2 x back pitch + 1) is to be added under rules 
(d) and (e) when the quotient of (1: of res) and the number 
of parallel paths in the part is equal tol; (2 x back pitch - 1) 
instead of (2 x back pitch) and (2 x back pitch) instead of (2 x 
back pitch +1) are to be used under paragraphs (d) and (e} 
respectively, when the quotient is different from 1. Both cases 
will be explained by examples. 


Example 1. A 4-pole winding with 42 slots and 4 parallel cir- 
cuits. spp = 3 1/2 and back pitch = 11 slot pitches. 

Since the quotient of ( No. of oles ) and the number of 
parallel paths in the part is equal tol, only 1 conductor of 
each column belongs to each path. It follows from Fig. 6-10 or 
from Conductor Distribution Table 6-31 that the first part of 
phase A contains the following upper conductors under the first 

Pole 1 


and third poles A 
Pole 3 A @> be 


i.e., the first path of the first part contains the following 
upper conductors 
1: 1+ (2x11) ® 23, 23 + 22 = 45 - 42 = 3 

and follows the path 

upper 1—- lower 12->upper 23> lower 34->upper 3-lower 14 
The second path has the following upper conductors 

22, 22 + 22 = 44 - 42 = 2, 2+ 22 = 24 

and follows the path 

upper 22> lower 333upper 2> lower 135 upper 24> lower 35 


The second part of phase A contains the following upper 
conductors under the second and fourth poles 
Pole 2 = > AXN @ AA 
Pole 4 = G2) Bd Gh 
i.e., the first path of the second part contains the following 
upper conductors 
ll, ll + 22 = 33, 33 + 22 = 55 - 42 = 13, 13 + 22 = 35 
and follows the path 
upper 11—> lower 22— upper 33— lower 2—~ 
upper 13—y lower 24-5 upper 35-5 lower 4 
The second path has the following upper conductors 
32, 32 + 22 = 54 - 42 = 12, 12 + 22 = 34, 
34 + 22 = 56 - 42 = 14 
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and follows the path 
upper 32— lower 1—> upper 12— lower 23— 
upper 34— lower 3—> upper 14— lower 25-— 


Each path of the first part must be connected in series by 
a reversing jumper with one path of the second part. That is, 
lower 14 must be connected with lower 4, and lower 35 must be con- 
nected with lower 25. Fig. 6-125 shows phase A of this winding. 
The parallel paths of the first part go through 3 coils each; 
the parallel paths of the second part go through 4 coils each. 
Two reversing jumpers connect the paths of the first part with 
the paths of the second part. 


Example 2. A 20-pole winding with 330 slots and 5 parallel cir- 
cuits. spp = 5 1/2 and the back pitch = 17 slot pitches. 


The Conductor Distribution chart for phase A contains the 
following upper conductors under the odd poles 
Chart A 


Pole 1 
Pole 3 
Pole 5 
Pole 7 
Pole 9 
Pole 11 
Pole 13 
Pole 15 
Pole 17 
Pole 19 


Since the quotient of ( No. of poles ) and 5 is equal to 2, 2 
conductors of each column belong to each path. 





The first path of the first part contains the upper con- 
ductors 
1. 1 + (2 x back pitch - 1) = 1 +4 (2 x 17 - 1) = 34 
34 + (2 x back pitch) = 68, 
68 + 33 = 101, 101 + 34 = 135, etc. 
The second path contains the upper conductors 
67, 100, 134, 167, 201, 234, 268, 301, 5, 38 
The third path starts with upper conductor 133; the fourth path 
with upper conductor 199; and the fifth path with upper con- 
ductor 265. 
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The second part of phase A contains the following upper con- 
ductors under the even poles 
Chart E 


Pole 2 
Pole 4 
Pole 6 
Pole 8 
Pole 10 
Pole 12 
Pole 14 
Pole 16 
Pole 18 
Pole 20 
The first path of the second part contains the upper conductors 
17, 17 + 33 = 50, 50 + 34 = 84, 84 + 33 = 117, etc. 
The remaining four paths start in upper conductors 
83, 149, 215, and 281, respectively. 





The 5 parallel paths of the first part can be connected by 
a ring to the 5 parallel paths of the second part, or the first 
parallel path can be connected by a reversing jumper to the 
first parallel path of the second part, etc. Five reversing 
jumpers connect then the 5 paths of the first part with the 5 
paths of the second part. The parallel paths of the first part 
progress through 10 coils each, the parallel paths of the second 
part progress fhrough 12 coils each. 
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TABLE 6-27 
DISTRIBUTION TABLE OF THE UPPER AND LOWER CONDUCTORS FOR spp = 2 
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DISTRIBUTION TABLE OF THE UPPER CONDUCTORS FOR spp = 24 
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CHAPTER 7 
BALANCED FRACTIONAL-SLOT WAVE WINDINGS 


7-1, Features of the Windings Treated in This Chapter. 
Only windings with a fractional spp are treated in this chapter, 


as for example, windings with spp = 2 1/5, 2 3/7, 2 3/8, and so 
on. However, not all fractional-slot windings are considered 
here. The windings with spp = (integer + 1/2) were dealt with 
in Chapter 6. Of the other windings with fractional spp, only 
those will be treated which yield balanced windings in the sense 
defined in Art. 4-6, i.e., only those will be considered in 
which the denominator isnot divisible by the number of phases 3. 
Thus, for example, a winding with spp = 2 5/6 is out of the 
scope of this chapter, because the denominator of the fraction 
6 is divisible by 3. Further, the windings dealt with in this 
chapter must have a number of slots which is divisible by the 
number of phases 3, since this also is a condition for balance 
(see Art. 4-6). 


So far as spp is concerned, the windings treated in this 
chapter are the same as those treated in Chapter 4 on balanced 
fractional-slot lap windings and, for the same value of spp, the 
coil grouping is exactly the same as there (see Table 4-2). How- 
ever, because of the wave arrangement of the winding, other 
rules for the connections between coils must be applied. 


The wave windings considered in the foregoing chapter, i.e., 
the windings with spp = integer or (integer + 1/2), are made up 
of coil series each of which consists of as many coils as there 
are pole pairs, and a_ certain number of abnormal front pitches 
are necessary, in order to connect the coil series together. The 
windings treated in this chapter have no abnormal front pitches. 
On the other hand, a large part of the windings treated here 
have more connections between winding parts than the integral- 
slot or (integral + 1/2)-slot windings. 


As the Master Table 3-5 shows, the windings falling in the 
range of this chapter are so numerous that Connection Tables and 
Working Diagrams could not be given for all of then. For this 
reason, Connection Tables and Working Diagrams will be given for 
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only a limited number of spp, and in several articles (Arts. 7-4 
to 7-10) general methods will be explained which show how to lay 
out the winding and set up its Connection Table and Working Dia- 
gram for any value of spp considered in this chapter. 


Note that the following tables, diagrams, and general 
methods are based on left-hand coils, as has been done in the 
previous chapters, Further, 2 conductors per slot, i.e., one in 
each layer, will be assumed. If the number of conductors in each 
layer is larger than 1, the layout of the winding is to be based 
on a fictitious number of slots which is equal to the real nua- 
ber of slots times the numbers of conductors per layer. The 
value of spp is then determined by the fictitious number of 
slots, (see Art. 6-6). 


7-2, Connection Tables and How to Use Then, The use of 
the Connection Tables will be explained by an example. A wind- 


ing with 180 slots and 28 poles will be considered. The Master 
Table 3-5 yields for 180 slots and 28 poles an spp = 2 1/7. 
Connection Table 7-7 refers to this value of spp. Each phase 
consists of 4 repeatable parts, each part having 15 coils. All 
parts start in upper conductors and end in lower ones and must 
be wound in a clockwise direction. The back pitch is equal to 6 
slot pitches, and the front pitch to 7 slot pitches. The starts 
of each repeatable part, designated by odd subscripts, and the 
ends of each repeatable part, designated by even subscripts, lie 
in the conductors shown below; 


Starts 


Upper 
Cond. 





In order to lay out a part of the winding, for example, 
part 1 of phase A lying between upper conductor l (A}) and lower 
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conductor 9 (Ap), start with upper conductor 1 which is connected 
with lower conductor (1 + back pitch) = 1+4¢6:= 7. This lower 
conductor 7 is then connected with upper conductor (7 + front 
pitch) = 7 +7 = 14, which connects with lower conductor 14 + 6 
= 20. Connect this latter conductor with the upper conductor 20 
#7 = 27. In this way, the first 3 coils are connected in 
series. Continue until all 15 coils (in general, all N = nua- 
erator of spp coils) of part 1 are connected together. Repeat 
the same process with all other parts starting with the con- 
ductors A,, A;, A,, B,; B., and so forth. 


The Connection Table 7-7 also gives complete information 
about the connections between the parts of each phase and between 
the phases for series, parallel, star,and delta connections. If, 
for example, 2 parallel circuits in star are desirable, the fol- 
lowing connections are to be made in the 3 phases: 


Aj Ag Ao Ag As> Ay A3 Ag 


Conductors A, _ Ag, Bo — B., and Ce =~ Ce are to be connected to 
the star point, and conductors A) — Ag, B,— B,, and Co C,,to 
the line or slip rings. Since there are 4 repeatable parts in 
each phase, a maximum of 4 parallel circuits are possible. 


In the example considered, all parts have the same number 
of coils. This is not always the case. Consider Connection 
Table 7-34 for spp = 2 3/8. For 16 poles, this winding has 4 
parts per phase; 2 of them are designated in phase A by Al,-Al, 
and Al,-Al,, and 2 by A2,-A25 and A2.,-A2,. As the Table shows, 
the parts designated by Al have 10 coils each, while the parts 

designated by A2 have only 9 coils each. 


7-3, Working Diagrams, The Working Diagrams are similar 
to those developed in Chapter 6. In Chapter 6, the beginning 
and end of the same coil series were shown as reference points, 


whereas, in this chapter, the reference points are the start of 
a coil series of phase A and the end of a coil series of phase 


B. As in Chapter 6, the short radial lines represent clips, the 
numbers between the leads representing the starts and the ends 
of the winding parts indicating the number of clips or coils ly- 
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ing between then. The proper connection between parts for 
series, parallel, star or delta connections is indicated in the 
corresponding Connection Table. 


The Working Diagrams of Chapter 6 consisted of 2 parts per 
phase, whereas those in this chapter vary from 2 parts per phase 
to 8 parts per phase, making the Working Diagram more complicat- 
ed. In Chapter 6, the starts and ends of the parts were drawn 
to the inside of the _ concentric circles representing coils or 
clips. For the sake of clarity, the Working Diagrams in this 
chapter have the upper conductors (either starts or ends) 
identified outside of the 2 concentric circles while the lower 
conductors are identified inside of the circles. 


Figures 7-1 to 7-43, inclusive, show working diagrams and 
fully developed winding diagrams and are found at the end 
of this chapter. 


Fig. 7-44 shows the method of determining the reference 
points of a working diagram for a positive a and Fig. 7-45 for a 
negative a. The method of laying out a Working Diagram from 
Fig. 7-44 and the Connection Tables will be explained by an ex- 
ample. Connection Table 7-30 for 96 slots, 14 poles and spp = 
2 2/7 will be used. The Table shows that a = + 2, and that the 
back pitch = front pitch = 7 slot pitches. The starts are all 
upper ortop conductors; the ends are lower or bottom conductors. 
Using Fig. 7-44, Al, lies in upper slot 1 and connects with 
lower slot 1 + back pitch = 147 = 8. The end of a coil series 
of phase B is in slot (1 + number of slots) - front pitch = (1 ¢ 
96) - 7 = 90. From the Connection Table, this is found to be 
the lower lead Bl,. This fixes the position of the reference 
points. 


Starting with upper conductor Al, in slot 1 and progressing 
clockwise, the Table designates the starts of the parts as fol- 
lows: 


Al, = 1, A2, = 8, Cl, = 17, C2, = 24, Bl, = 33, 
B2, = 40, Al, = 49, A2, = 56, etc. 


The number of clips or coils between Al, = 1 and A2, = 8is7- 
l = 6. Similarly, between A2) = 8 and Cl, = 17, there are 9-1 
= 8 clips; between Cl, and C2), 7-1: 6clips, etc. Starting 
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¢— Beginning of the 
Al, Coil. Series 


of Phase A 
End of a Coil 


Series of Phase B~’ 


Fig. 7-44. General rene Diagram for determining the 
reference points, i.e., he start of a coil series of 
phase A, and the end of a coil series of phase B, when 
the sign of a is positive. 


A = Top of slot 1 
B = Bottom of slot (1 + back pitch) 


C = Bottom of slot (1 + number of slots - 
front pitch.) For the designation of 
the corresponding end of the series, 
see connection table. 


Ye 


« End of a Coil 
Series of Phase B 


Beginning of the — 
Al, Coil Series 
of Phase A 


Fig. 7-45. General Working Diagram for determining the 
reference points, i.e., the start of a coil series of 
phase A, and the end of a coil series of phase B, when 
the sign of a is negative. 


A = Bottom of slot 1 


B= Top of slot (1 ¢ number of slots - 
back pitch). 


C = Top of slot (1 + front pitch). For 
the designation of the corresponding 
end of the series, see connection 
table. 
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now with Bl, 90, and again progressing clockwise, Bl, = 90, 
B2, = 1, Al, = 10, A25 = 17, Cl, = 26, C25 = 33, etc. Between 
Bl, = 90 and B2, = 1 there are 96 - 90 = 6 coils or clips; be- 
tween B2, and Alo there are 9 - 1 = 8 coils or clips. This 
agrees with the number of coils found between these same points 
using the starts of the winding parts. The Working Diagram is 
shown in Fig. 7-30, and a fully developed Winding Diagram is 
shown in Fig. 7-30a. Working Diagrams are given for slot and 
pole combinations shown in Table 7-43. In this Table 7-1, 7-2, 
etc., indicate the Figures which represent the corresponding 
Working Diagrams. 


Fully developed Winding Diagrams are also given for the 
following cases: 


Fig. 7-4a 

96 slots, 10 poles, spp=3 1/5 az=-1 d= odd 
Fig. 7-6a 

90 slots, 14 poles, spp= 21/7 az#4#1_— d= odd 
Fig. 7-17a 

54 slots, 8 poles, spp=21/4 az=-1 d= even P = odd 
Fig. 7-25a 

72 slots, 10 poles, spp = 2 2/5 az=-2 d= odd (P= even 
Fig. 7-30a 

96 slots, 14 poles, spp = 2 2/7 a=+#2 d:z=odd_ P= odd 
Fig. 7-38a 

63 slots, 8 poles, spp = 25/8 a=+4+2 d= even P= odd 
Fig. 7-43 


102 slots, 14 poles, spp = 2 3/7 az=4+#3 d=odd_ P= odd 


The significance of values of a, d, and P is explained in Arts. 
7-4 and 7-11. 


7-4. Winding Pitch, Back Pitch, and Front Pitch. Number 


of Repeatable Parts. General Rules. The winding pitch of the 
balanced fractional-slot wave windings is fixed by the fraction 


of spp just as the coil grouping is fixed by this eer (see 
Art. 4-12). If spp is written, - in Art. 4-5, spp » I { where I 
is the integral part of spp,and 4 its fraction, then, for I = QO, 


the winding pitch is equal to (Gn +a). a is the smallest 


n be 


integer which makes the fraction (6n +a) an integer. “s 
, the 


positive as well as negative. For example, when 4 


smallest value of a which makes the fraction (Gxt +a) an 
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integer is a=+1; or, when 4 = 3, the smallest value of a 
which makes the fraction (Gx 3 +a) an integer is a = - 2. 


The value and sign of a are of great importance in the lay- 
out of the winding. When the same absolute value of a makes the 


fraction q an integer, choose the sign which makes this 
fraction even. For example, when 4 = 3/4, the smallest absolute 
value of a which makes. 4 an integer is 2. The sign 


can be plus or minus, yielding for the fraction 5 and 4 respect- 
ively. The minus sign is to be chosen. 


6n +a is the winding pitch for I=0. For I not 
equal to zero. 


winding pitch = 6I ¢ (6n +a) (7-1) 


The value and sign of a are independent of the magnitude of I. 
Table 7-44 gives the values of the fraction (Gn +a) as well as 
the corresponding valueg and signs of a for different fractions 
3. The winding pitch is found by adding 6I to the fraction 


(Gn +a). For example, for spp = 2 1/7, Table 7-44 shows the 
value of the fraction to be equal to 1. The winding pitch is, 
therefore, 6 x 2 4#1= 13. When spp = 2 2/7, Table 7-44 yields 
for the fraction (Gn +a) the value 2, and the winding pitch is 
then 6 x 2 42 = 14, 


When the winding pitch is even, back pitch and front pitch 


are each made equal to half of the winding pitch. When the 
winding pitch is odd, the back pitch is made equal to (winding 


pitch - 1)/2 and the front pitch is then equal to (back pitch + 
1).  For example, in the case of spp = 2 1/7, the winding pitch 
is 13, the back pitch will be made equal to (13 - 1)/2 = 6 and 
the front pitch to 6 +4+1= 7; in the case of spp = 2 2/7, the 
winding pitch is 14, and back pitch as well as front pitch is 
made equal to 7. 


It has been explained in Art. 4-5 that in balanced frac- 
tional-slot lap windings d poles make a repeatable part of the 
winding and that, therefore, there are (Ho. of poles) repeatable 
parts in the winding. The same is true of the balanced frac- 
_tional-slot wave windings because, as mentioned in Art. 7-1, the 
coil grouping is the same for both kinds of windings if spp is 
the same. Thus, d determines the number of poles in a repeatable 
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part of the winding. For example, in a 28-pole winding with spp 


= 2 1/7, 7 poles make a repeatable part of the winding and there 
are 28/7 = 4 repeatable parts in the winding. 





Spp can also be written in the form spp = i where N and d 


have no common devisor. If, for example, spp = 2 2/7, N is 
equal to 16, N is always larger than d while n is always smal- 
ler than d. Note that N = spp x d is the number of slots per 
phase in d poles, i.e., the number of slots per phase in one re- 
peatable part of the winding. SN is, therefore, the total nunm- 
ber of slots in one repeatable winding part. 


For the laying out of the winding, it is necessary to de- 
termine the quantity 
D= aN a? +1 (7-2) 
in such a manner that P is the smallest positive integer which 
makes D an integer, and to set up the series 
1, 1¢4D, 14#2D, 1¢43D,... etc. (7-3) 
If, while setting up the series, a term becomes larger than the 
total. number of slots per repeatable winding part, i.e., 3N, 
this quantity is to be subtracted from the term. The physical 
meaning of the quantity D and of the D-series is explained in 
Appendix l. 


Consider, for example, the winding with spp = 2 1/7 = 15/7. 

For this case N = 15, 3N = 45, d= 7, and D = (45 x P #1)/7 = 
13 with P = 2, The D-series becomes 
1, 1413= 14, 14413 = 27, 27413 = 40, 40413 -45=8.... 
The winding pitch of this winding has been determined above to 
be 13. An examination of the D-series shows that it follows the 
series. 

1 1 + (winding pitch), 1 + (2 x winding pitch), 

1 + (3 x winding pitch)... 
The winding pitch is the distance between 2 consecutive upper or 
lower conductors of the wave winding (see Art. 6-1). In the ex- 
ample, the winding pitch is 13 and the back pitch is 6. This 
means that if the phase starts with upper conductor l, this 
conductor is to be connected with lower conductor 1 # 6 = 7, and 
this latter conductor with upper conductor 1 +13 = 14, The next 
upper conductor which follows in the wave is then 14 4 13 = 27, 
the next 27 +13 = 40, the next 40 +13 - 45 = 8, and so on, 
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exactly as the numbers follow each other in the D-series; the D- 
series determines the sequence of conductors of the same layer 
to be connected in the process of winding. 


Consider another example of a winding with spp = 2 1/5 = 
ot Table 7-44 shows that for this winding the fraction (6n +a) 
is 1 and, therefore, the winding pitch, according to Eq. 7-1, is 
6x 2+4¢1=13. The back pitch will be made equal to (13-1)/2 = 
6 and the front pitch to6+41: 7. For this winding, N= 1l, 
3N = 33, andd= 5. Hence, 

p= SAPt1L. 0 with P= 3 
and the D-series is 
l, 1 + 20 = 21, 21 + 20 - 33 = 8, 8 + 20 = 28, 
28 #20 -33 = 15... 


Examining the D-series, it follows from right to left, 
15, 15 + 13 = 28, 28 +13 - 33 = 8, 8 +13 = 21, 
214¢13-33 =1l... 
Since the winding pitch is 13; again,the D-series determines the 
sequence of conductors of the same layer to be connected in the 
process of winding. 


In the first example of spp = 2 1/7, a is equal to +l, and 
the D-series prescribes clockwise connection of conductors. In 
the second example of spp = 2 1/5, a is equal to -1 and the D- 
series prescribes counter-clockwise connection of conductors. 
In general, a positive a means clockwise winding, and a negative 
a means’ counter-clockwise winding. Since left-hand coils are 
assumed, start the winding in an upper conductor and wind clock- 
wise when a is positive, and start the winding in a lower con- 
ductor and wind counter-clockwise when a is negative. 


Consider now a winding for which a = + 2. Such a winding 
is, for example, one with spp = 2 2/7 = 48 (see Table 7-44). For 
this winding, N= 16, 3N= 48, d= 7. The fraction 92,+4 = 2 
with a = + 2, the winding pitch is 6 x 2 + 2 = 14 (see Eq. 7-), 
and the back pitch = front pitch = 14/2 = 7. From Eq. 7-2. 


p= #xPti.; with P= 1 


and the D-series is 
1, 1+7= 8, 8 +7 = 15, 15 +7 = 22, 22 +7 = 29, 
29 +7 = 36, 36 +7 = 43, 43 4+7-48=-2... 
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Comparing this series with the winding-pitch series 

l, 1 + (winding pitch), l1 + (2 x winding pitch), 

1 + (3 x winding pitch) ... 
it is found that alternate figures of the D-series instead of 
consecutive figures of it follow the winding-pitch series. This 
means that the winding is to be wound in 2 consecutive waves, 
one with the upper (or lower) conductors 

1 15 29 4S es 
the other with the upper (or lower) conductors 
8 22 36 36 #14=50 -48=2... 

These waves cannot be connected in parallel; they must be _ con- 


nected in series, 


While the winding with a=-|1 has (No. of poles) winding 


parts in each phase, the winding with a = 2 has twice as many 
winding parts per phase which in pairs must be connected in 
series. Instead of connecting the parts in series, it is pos- 
sible to make up 2 separate windings and connect them in series. 
This is explained in detail in Art. 7-10. 


A winding with a = + 2 can be considered as one consisting 
of 2 interlaced windings. This can be seen from the D-series 
which these windings follow. 


The 2 series, 1, 15, 29, 43, ... and 8, 22, 36,2... 
increase by the winding pitch from the left to the right,i.e., 
the winding is to be wound clockwise starting with an upper con- 
ductor. This is due to the fact that the sign of a is positive. 
A winding with a = - 2 is to be wound counter-clockwise starting 
with a lower conductor. 


In general, the magnitude of a determines the number of 
winding parts per phase. A winding witha=+2, #3... has 


twice, 3 times ...as many winding parts per phase as the 


winding with a =+1. The sign of a _ determines whether the 
winding goes clockwise or counter-clockwise. 

The general method described in this article will be dewon- 
strated by 5 examples with a = #1, a =-1, a = +2, and N even, 
and a = - 2 and N odd. (see Arts. 7-9 to 7-11). 


7-5. Maximum Possible Number of Parallel Circuits. The 
maximum possible number of parallel paths is equal to No.of poles) of poles 
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since this is the number of repeatable parts of the winding. If 
a smaller number of parallel paths than the maximum possible is 
desirable, the latter must be divisible by the number of parallel 
paths chosen. The maximum possible number of parallel paths is 
independent of the value of a. When a is larger than l, there 
are a times as many winding parts as in the case a = 1. However, 
a winding parts must always be connected in series when a is 
larger than 1; this limits the maximum possible number of par- 
allel paths to the same value as it is in the case a = l. 


7-6, Polarities of the Starts and Ends of the Winding 
Parts. In order to connect the parts of each phase in series or 


parallel, the polarities of their starts and ends must be known. 
It has been mentioned in Art. 7-4 that a winding with a larger 
than 1 can be considered as one consisting of g interlaced 
separate windings each having (No. of poles/d) repeatable parts. 
The polarities of the starts of 2 consecutive parts of the same 
winding are determined by the denominator d of spp; if d is odd, 
the polarities are opposite; if d is even, the polarities are 
the same, This rule fixes the polarities of all parts of any 
one of the interlaced windings, if the polarity of the start of 
the first part is assumed. This rule applies to all 3 phases. 
It covers entirely the case a = +1. 


In the case a = +2, the polarities of the starts of the 
first parts of the 2 windings are determined by the factor P 
(see Eq. 7-2), which determines the magnitude of D; if P_is odd, 
the polarities are opposite for all 3 phases; if P is even, the 
polarities are the same _ for phase A and opposite for phases C 
and B. This rule and the first one fix for a = 1 and a = 2 the 
polarities of all starts of the winding with respect to the 
polarity of the start of the first winding, i.e., with respect 
to the polarity of coil side 1,which can be assumed arbitrarily. 


The 2 rules refer to the starts. The end of each part has 
a sign opposite to that of the start of the part. | 


In general, in order to check the polarity of a coil side, 
divide the number of the coil side minus 1 by the number of slots 
per pole. The quotient is either a fraction which lies between 
. 2 consecutive digits or an integer. If the polarity of slot l 
is assumed to be plus, and the quotient lies between two con- 
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secutive digits, then the slot under consideration has the 
polarity plus when the smaller digit is even, and the polarity 
minus when the smaller digit is odd. If the quotient is an 
integer,the slot under consideration has the polarity plus when 
the integer is even, and has the polarity minus when the integer 
is odd (the integer 0 is to be considered as even). This method 
of checking the polarity can be applied also to the case a > 2. 
The polarity of the beginning of a phase can be assumed arbitrar- 
ily. If this arbitrarily assumed polarity is opposite to that 
yielded by the polarity rule given above, the polarities of all 
other beginnings of this phase are to be changed. 


The polarity rules given above are demonstrated by examples 
in Art. 7-9 to 7-13. 


7-7. Beginnings of Phases. As in the case of the integral- 
slot and (integer + 1/2)-slot wave windings, the beginnings of 
the phases are placed, if possible, at 3 points having equal 
distances from each other. The beginning of phase A is usually 
conductor 1. Equal mechanical spacing of the beginnings exists 
when the beginnings of phase B is conductor (1 # 8/3) and that 
of phase C is conductor (1 + 28/3), or vice versa. After the 
starts of all parts of phase C and phase B have been determined 
(see Arts. 7-9 to 7-11), 2 starts, one in phase C and the other 
in phase B, have to be found which are equal to or as close as 
possible to (1 + S/3) and (1 + 28/3), and the electrical angles 
between these beginnings must be checked. Let Ss) and So be the 
numbers of the conductors found to be equal to oF close to 
(1 + 8/3) and (1 + 28/3). Then the angle (8; - 1) x 5 x 60 must 
be Paglaae or approximately equal to 120°, and the angle (Sp - 1) 
x ‘ x 60 must be equal or approximately equal to 240°, = vice 
versa. 


If more or less equal mechanical spacing is disregarded, 
then A), B,, and Cy or A), B,, and C, can be used as phase be- 
ginnings in the case d = odd number, and A), By, and C); in the 
case d = even number. 


7-8. Number of Connectors Required for Series Connection 
of All Parts of the Phase. In the integral-slot and (integer + 


'1/2)-slot wave windings, only one connector (reversing jumper) 
is necessary for the series connection of all coils of a phase. 
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In the casea= + 1, (Ge: of poles) - 1) connectors are necessary 


r phase for the series connection and, in the case a = # 2, 

2 x Nos of les)) ~ 1 connectors are necessary. The number 
of connectors is larger than in the case of the integral-slot 
and (integer + 1/2)-slot windings. On the other hand, as men- 
tioned in Art. 7-1, the windings treated in this chapter have no 
abnormal-front pitches. 


7-9. Layout of a Winding with a=+1. Corresponding to 
the rules explained in Art. 7-4: 


(a) Write spp = , where N and d have no common divisor. 
(b) Determine D from Eq. 7-2. 
(c) Write the first N numbers of the D-series. 


(d) Write under the N numbers determined under (c) a second, 
a third, etc. horizontal row, i.e., a total of(No- of poles 
horizontal rows, in such a manner that the numbers of each row 
are by 3N larger than the numbers of the foregoing row. 


(e) Start with the conductor 1 and find, in the D-series 
determined under (d), N conductors following the winding-pitch 
series 

1, 1 + (winding pitch), 1 +4 (2 x winding pitch)... 


(f) Start with conductor (1 + 3N), which is the first con- 
ductor of the second row of the D-series, and find, in the D- 
series, N conductors which follow the series 

(1 + 3N), (1 + 3N) + (winding pitch), 
(1 + 3N) + (2 x winding pitch)... 


(g) Start with conductor (1 + 6N), which is the first con- 
ductor of the third row of the D-series, and find, in the D- 
series, N conductors which follow the series 

(1 + 6N), (1 + 6N) + (winding pitch), 
(1 + 6N) + (2 x winding pitch)... 


Continue in the same manner until No. of 1e8)) waves with N 
conductors in each have been set up. 


The (No. of poles) yaves, each following the winding-pitch 
series and determined in this way, represent the repeatable . 
parts of phase A. These parts can be connected in parallel if 
desirable. 
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Designating the starts of the repeatable parts of phase A by 
A); A,, Az, -e. and their ends by Ao, A,, Ag, eee, respectively, 
then A) is conductor l, A, is conductor (1 ¢ 3N), A, is con- 
ductor (1 + 6N), and so forth, or 


A) = 1 

A, = 1 + 3N 

As = 1 + 6N 

i cass Ab tek Gh oe ay a. (7-3) 
It is true of phase C that 

C, = 1+ND (7-4) 


since this is the first number of the D-series which follows the 
N numbers of this series assigned to phase A under (c). Further- 
more, ; 


© 
eo 
i 


= C) + 3N 


©) 
or 
i 


It follows in the same manner for phase B: 


l 1 + 2ND 
= B, + 3N 
= B, + 6N 
baie Gee ah a ig, (7-5) 


Note that C) and B, must be smaller than 3N. If (1 + ND) or 
(1 + 2ND) is larger than 3 N, then subtract 3N or 6N or 9N, etc. 
until the number is smaller than 3N. Once the starts C); Cy 
oh ke Se B)> By ~ « « are given, the repeatable parts of phase C 
and B can be determined by adding the winding pitch (N-1) times 
in the case a = +land subtracting the winding pitch (N-1) times 
in the case a = -l. In the case a = +1, if any of the figures 
becomes larger than the number of slots S, then S is to be sub- 
tracted. On the other hand, in the case of a = -1, if any of 
the figures becomes negative, S is to be added. 


ww ww 
or 
ui 
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The ends of the 4 parts lie in the lower conductors (Eq. 
7-6): 


Ay 1 + (15-1) x 13 +6 = 1 + 188 = 189 - 180 = 9 
A, = 46 + 188 - 180 = 54 

A; = 91 + 188 - 180 = 99 

A, = 136 + 188 - 180 = 144 


To lay out the first part of phase A, start with upper conductor 
1, connect it with the lower conductor (1 + back pitch) = 1 #6 
= 7, connect this conductor with the second upper conductor of 
the chart, 14, and so forth, ending with lower conductor 3 + 6 = 


9 = Ay. 

Since d = 7 is odd, the polarities of the starts of 2 con- 
secutive parts of the same phase are opposite. The same applies 
to the polarity of the ends. It follows from Fig. 7-46, which 
shows the polaritiesof the starts and ends, that, for the series 
connection of phase A, connect A, with Ay, Ag with Ag, and A, 
with As; A, and Ay are the leads. If 4 parallel circuits are 
desirable, connect A), Ay, Ae, and Ag to one lead, and Ao, A,, 
Ag, and Ay to the other lead. If 2 parallel circuits are desir- 
able ,connect A, with Ay, A; with Ay, A, with Ag, and A, with Ag. 
A)> Ag and A,> Ag are the leads. (See Connection Table 7-7 and 
Working Diagram Fig. 7-7.) 


TA, Apt TC, Cob TB, BOd 

LA, Ag? Cy Cyt JB, Bt 

tA, Agt TCs Cob TBE Bev 

LAp Ag? UCr Cot LBZ Bot 
(a=+1 4d = odd) 


Subscripts 1, 3, 5, 7, etc., denote the 
beginnings of the winding parts. 


Subscripts 2, 4, 6, 8, etc., denote the 
ends of the winding parts. 


Fig. 7-46. Polarities of the starts and ends of all 
phases of a winding with a = 41 and d = odd. 
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The starts of the 4 parts of phase C lie in the upper con- 
ductors (see Eq. 7-4). 
C) = 14415 x 13 = 196 - 12 x 15 = 16 


Cy = 16 + 45 = 61 
Ce = 16 + 90 = 106 
C7 = 16 + 135 = 151 


and the ends lie in the lower conductors (see Eq. 7-6): 
Co = 16 + (15 - 1) x 13 + 6 = 16 + 188 - 180 = 24 
C, = 61 + 188 - 180 = 69 

= 106 + 188 - 180 = 114 
151 + 188 - 180 = 159 
Eqs. 7-5 and 7-6 yield for phase B 

B, =1¢42x 15x13 - 24x 15 = 31 
31 + (15-1) x 13 + 6 - 180 = 39 
B, 31 + 45 = 76 
= 76 + 188 - 180 = 84 
Bs = 31 + 90 = 121 
= 121 + 188 - 180 = 129 

By = 31 + 135 = 166 

Bg = 166 + 188 - 180 = 174 
For equal mechanical spacing of the beginnings of the phases, phase 
B should start in slot 1 +8/3, and phase C in slot 1 +2 x 
(S/3), or vice versa, i.e., in this case in slot (1 + 180) = 
and (1 + 2 x 180) = 121. Cy lies in slot 6l, and Bs lies in 
slot 121. Thus Be can be taken as the beginning of phase B, and 
Cy as the beginning of phase C. meeceae the angles between the 
beginnings of the 3 phases, (B; -1)x q x 60 = (121 - 1) x ie x 
60 = 3360 - 9 x 360 = 120°, and (Cj - 1) x § x 60 = (61 - 1) x 
is x 60 = 1680 - 1440 = 240°, as it anata be. For series, as 
well as for parallel connection, Be and Cy should be used as the 
leads. 


Example with a = - 1. 
A 10-pole winding in 66 slots with 2 conductors per slot 


will be considered. From the Master Table 3-5, spp = 2 1/5 = 
Thus N= 11, 3N = 33, d=5,n=1, From Table 7-44 for § = 3, 
Sn +4 = 1 with a =- 1, Therefore, the winding pitch = 12 +1 = 
13, the back pitch «4-1. = 6, and the front pitch = 6 +1 = 
7. The winding progresses counter-clockwise with all starts in 
the lower conductors. From Eq. 7-2. 


© 
oO 
uot 


w 
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p = 382,P +1 _ 20 with P = 3 


There are 10/5 = 2 = (No. of poles) repeatable parts in each 


phase. The rules (c) and (d) yield for the lower conductors of 
phase A 
1 21 8 28 15 2 22 9 29 16 3 
34 54 41 61 48 35 55 42 62 49 be 
Applying rules (e), (f), and (g), the winding-pitch series are: 
1 54 41 28 15 2 55 42 29 16 31st repeatable part 
34 21 8 61 48 35 22 9 62 49 36= 2nd repeatable part 
The starts of the 2 parts of phase A lie in the slots 1 and 34. 
This is in accordance with Eq. 7-3 which yields A) = 1, and A, = 
1 + 33 = 34. The ends of the 2 parts lie in the upper conductors 
(Eq. 7-7): 
Ay = A) + 66 - (11-1) x 13 - 6 = 67 - 136 = -69 + 2 x 66 = 63 
A, = A, + 66 - 136 = -36 + 66 = 30 
To make up the first part of phase A, start with the lower con- 
ductor 1, connect it with the upper conductor 1 + (S - back 
pitch) = 1 + (66 - 6) = 61, connect this conductor with the 
second lower conductor of the chart, 54. This conductor is to 
be connected with the upper 54 - 6 = 48, and this upper with the 
third lower conductor of the chart, 41, and so forth, ending 
with the upper conductor 3 - 6 + 66 = 63 = A». The same pro- 
cedure is to be followed for the remaining part of phase A, 
starting now with lower conductor 34. 
The starts of the 2 parts of phase C and B are the lower con- 
ductors (Eq. 7-4 and 7-5): 
C) = 1 +11 x 20 - 6 x 33 = 23 
Cy 23 + 33 = 56 
B, 1+#2x 11x 20 - 13 x 33 = 12 
B, = 12 + 33 = 45 
and the ends are the upper conductors (Eq. 7-7): 
Co = C) + 66 - 136 = -47 + 66 = 19 


D-series 


C, = Cy + 66 - 136 = -14 + 66 = 52 
By = B, + 66 - 136 = -58 + 66 = 8 
B, = B, + 66 - 136 = -25 + 66 = 41 


Since d = 5 is odd, the polarities of the starts of 2 consecutive 
parts of the same phase are opposite. It follows from the chart 
(Fig. 7-46) which shows the polarities of the starts and ends 
that, for series connection, Ay is to be connected with Ay, Cy 


414 


with C4, and By with B,. For 2 parallel circuits (= maximum 
possible number of parallel circuits) ,A, is to be connected with 
A, and Ay with Ag, further, C) with C4; Co with C., By) with B,; 
and Bo with B.. 

For equal mechanical spacing of the beginnings of the phases, 
the beginning of phase B should lie in slot l + ; = 1 + 22 = 23 
and that of phase C in slot 1+#+2x (8) = 1 + 44 = 45 or vice 
versa. C) lies in slot 23, and B, lies in slot 45. Thus, B, 
can be taken as the beginning of phase B, and C, as the begin- 
ning of phase C. This applies to the series as well as to the 
parallel connection. Checking the angles between the beginnings 
of the 3 phases, (B,-1) x g x 60 = (45-1) x 2 x 60 = 1200 - 3 x 


360 = 120° and (C,-1) x # x 60 = (23-1 x 2 x 60 = 600 - 360 = 
240°. 

7-10. Layout of a Winding with a = + 2 and N = Even Num- 
ber, As explained in Art. 7-4, the winding with a= +2 
is to be treated as 2 interlaced windings. One of them will 
be designated by the figure 1, the other by the figure 2, each 
following the letter designating the phase. Thus, Al means the 
first of the interlaced windings of phase A, A2 means the second 
of the interlaced windings of phase A. Further Al, means’ the 
start of the first repeatable part of the first winding; A2, 
means the start of the first repeatable part of the second wind- 
ing; Al, means the start of the second repeatable part of the 
first winding, and so forth. 


TA, And TC), Cy J TB, Boy v 

T A, A, Jl TC, ca 4 TB, «Bgl 

PAL Agv TC. : v TBE Bev 

TA, Ag 4 tC, Bg TB, Bgl 
a=¢l1 d= even 


Subscripts 1, 3, 5, 7, etc., denote the 
beginnings of the winding parts. 


Subscripts 2, 4, 6, 8, etc., denote the 
ends of the winding parts. 


ree Polarities of the starts and ends of all 
phages of a winding with a = +1 and d = even 
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Considering the windings with a = + 2, distinction must be 
made between N = even and N = odd. In the first case both wind- 
ings will have the same number of coils; in the second case one 
winding has more coils than the other. The latter case will be 
treated in the following Art. 7-11. In this article, only wind- 
ings with a = + 2 and N = even will be considered. 


In order to lay out a winding with a = + 2 corresponding to 
the rules explained in Art. 7-4: 


(a) Write spp = 4 where N and d have no common divisor. 
(b) Determine D from Eq. 7-2. 
(c) Write the first N numbers of the D-series. 


(d) Write under the N numbers determined under (c) a second 
a third, etc., horizontal row, i.e., a total of ‘No- of les} 
horizontal rows, in such a manner that the numbers of each row 
are by 3N larger than the numbers of the foregoing row. 


(e) Start with conductor 1 and find, in the D-series de- 
termined under (d), N/2 conductors following the winding-pitch 
series 1, 1+ (winding pitch), 1 + (2 x winding pitch), ... 
These are conductors belonging to part (wave) 1 of the first 
winding of phase A, i.e., the part which starts with Al, and 
ends with Al,. 


(f) Start with conductor 1+¢D, i.e., with the conductor 
following conductor l,and find, in the D-series, N/2 conductors, 
which follow the series 1 +D, (1 + D) + (winding pitch), (1 ¢ 
D) + (2 x winding pitch), ... # These are then the conductors 
belonging to part (wave) 1 of the second winding of phase A, 
i.e., the part which starts with A2, and ends with A25. 


(g) Start with conductor (1 + 3N) which is the first con- 
ductor of the second row of the D-series, and find, in the D- 
series, N/2 conductors which follow the series (1 + 3N), (1 # 
3N) + (winding pitch), (1 + 3N) + (2 x winding pitch), ... 
These are the conductors belonging to part (wave) 2 of the first 
winding of phase A, i.e., the part which starts with Al, and 
ends with Al,. 


(h) Start with conductor (1 + 3N + D), which is the second 
conductor of the second row of the D-series, and find, in the 
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D-series, N/2 conductors which follow the series (1 + 3N +D), 
(1 +3N +D) + (winding pitch), (14 3N +D) + (2 x winding 
pitch), .. . These are the conductors belonging to part (wave) 
2 of the second winding of phase A, i.e., the part which starts 
with A2, and ends with A2,. 


Continue inthe same manner, until 2 x (No. of poles) parts, 
with N/2 conductors in each have been obtained. 


The odd parts (waves) Al,, Al., Al,, - « « belong to the 
first winding of phase A; the even parts (wave) A2), A2,, A2. 
- . - belong to the second winding of phase A. The parts of 


each winding can be connected in parallel,the maximum possible 
number of parallels being (Wo, of poles) of poles , but both windings can- 
not be connected in parallel, they must be connected in series. 


The starts of the 3 phases expressed in formulae are: 


Al, = ]1 A2, = 14D 

Al, = 1 + 3N (7-8) A2, = A2, + 3N (7-9) 
Al. = 1 + 6N A2. = A2, + 6N 

5 5 1 

Cl, = 1 + ND C2, = Cl, + D 

Cl, = Cl, + 3N (7-10) C2, : C2) + 3N (7-11) 
Cl. = Cl, + 6N C2. = C2, + 6N 

Bl, = 1 + 2ND B2, = Bl, + D 

Bl, = Bl, + 3N (7-12) B2., = B2, + 3N (7-13) 


Bl, = Bl, + 6N B2. = B2, + 6N 
chee anels it ine ce! aes elidel unis 
quantity, or or 9N,etc., is to be subtracted when the formula 
yields a value larger than 3N. 

As in the case of a= +41, the ends of phases C and B can 
be found from their starts Cl), C2), Seige Bl,, B2); a So wae TOY 
adding the winding pitch & - 1) times for the case a = +42, and 
subtracting the winding pitch & - 1) times for the casea= - 2, 
If, in the case a = + 2 any of the figures becomes larger than 
the number of slots S, then S is to be subtracted. On the other 
hand, if in the casea= - 2 any of the figures becomes negative, 
S is to be added. 
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Example for a = + 2 and N = even. 

- A 14-pole winding in 96 slots with 2 conductors per slot 
will be considered. From the Master Table 3-5, spp = 2 2/7 = 
49. Thus N= 16, 3N = 48, d= 7, n= 2, From Table 7-44 for 


4 = z, (6n + a) = 2 with a = + 2. Therefore, the winding pitch 
= (6 x 2) + 2 = 14 (see Eq. 7-1), the back pitch = front pitch = 
7. The winding progresses clockwise with all the starts in upper 
conductors. From Eq. 7-2 


p= SaciG FP tl 7 with P= 1 


There are in each phase a = 2 interlaced windings, each with 
No. of poles) - if = 2 parts. The total number of parts per 
phase is 4. 


Rules (c) and (d) yields for the upper conductors of phase A 
1 8 15 22 29 36 43 2 9 16 23 30 37 44 3 10 
D-series 
49 56 63 70 77 84 91 50 57 64 71 78 85 92 51 a 


Applying rules (e) to (h), the 4 parts (waves) of phase A: 
1 15 29 43 57 71 85 3 = Ist part of lst winding 


8 22 36 50 64 78 92 10 = lst part of 2nd winding 


49 63 77 91 9 23 37 51 


2nd part of lst winding 


56 70 84 2 16 30 44 58 = 2nd part of 2nd winding 


In order to lay out the winding, start with upper conductor 
1 and connect it with lower conductor 1 + 7 = 8; then connect 
this conductor with the second upper conductor of the first part 
of the first winding, 15, and so forth. The same is to be re- 
peated with the other 3 parts. 


The starts of both-interlaced windings lie in the slots 
Al, =1 A2, = 8 
Al, = 49 A2, = 56 
This is in accordance with Eqs. 7-8 and 7-9. The ends of the 4 
parts lie in the slots (Eq. 7-14). 
Al, = 1+ (7 x 14 47) = 14105 - 96 = 10 
= 49 + 105 - 96 = 58 


47 
A2, = 8 + 105 - 96 = 17 
A2, = 56 + 105 - 96 = 65 
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The polarities of the starts can be determined according to 
the rules given in Art. 7-6. Since d is odd, the starts of part 
l and part 2 of each of the interlaced windings have opposite 
signs. (For example Al, and Al, have opposite signs.) Further, 
the factor P which determines the magnitude of D is odd and this 
means that the polarities of the starts of the first parts of 
both windings are opposite. (For example Al, and A2, have 
opposite signs). This yields Fig. 7-48 for the polarities 
of starts and ends of all the phases. 


In general, the series connection can be accomplished in 3 
different ways; the parts of each winding are connected first in 
series and then all windings are connected in series; or each 
winding is closed to a ring and then all rings opened at points 


f Al, Al, C1, C1hb Bl, Bl, ¥ 
Jal, Al,t VClz CllT VBI, Bl, T 
fAlz; Alet ‘Cle Clel MBs Blg J 
J A2, A2Q 7 C2, C2,7 JVB2, B2, T 
MA2, A2,4 C2, C2,1 TB2, B24 ¥ 
YA2, A2,T LC2, C2gP  YB2, B2g T 
a=+2 d=odd_ P = odd 


Figure 1 following the letter designating 
a phase denotes the first of the inter- 
laced windings. 


Figure 2 following the letter designating 
a phase denotes the second of the inter- 
laced windings. 


Subscripts 1, 3, 5, etc., denote the be- 
ginnings of the parts of the interlaced 
windings. 


Subscripts 2, 4, 6, etc., denote the ends 
of the parts of the interlaced windings. 


Note that both windings cannot be connect- 
ed . parallel; they must be connected in 
series. 


Fig. 7-48. Polarities of the starts and ends of all 3 
phases of awinding with a = +2, d = odd, and P = odd 
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close to each other and connected in series; or a part of the 
first winding is connected in series with a part of the second, 
third, and so forth, and all these groups or parts are then con- 
nected in series. 


In the example considered, the third method gives the 
shortest connectors. Thus, for series connection, connect Alo 
with A2., further Al, with A2,, and A2) with A2.. Al, and Al, 
are the leads. For 2-parallel connection, connect Al, with A2,, 
and Al, with A2.. This places the parts of both windings in 
series. Now connect Al, with Al,, and A2, with A2). Al, > Al, 
and A2,->A2, are the leads. (See Connection Table 7-30 and Figs. 
7-30 and 7-30a) . 


The starts and ends of phases C and B lie in the slots 
(Eqs. 7-10 to 7-14): 
Cl, =1+¢16x7= 113 - 2 x 48 = 17 
Cl, = 17+ (7 x 14 + 7) = 17 + 105 - 96 = 26 
Cl, = 17 + 48 = 65 


Cl, = 65 + 105 - 96 = 74 
C2, = 17 +7 = 24 
C25 = 24 + 105 - 96 = 33 
C2, = 24 + 48 = 72 
C2, = 72 + 105 - 96 = 81 


Bl, >1¢2x16x7- 4x 48 = 33 


Bl. = 33 + 105 - 96 = 42 
Bl, = 33 + 48 = 81 

Bl, = 81 + 105 - 96 = 90 
B2, = 33 + 7 = 40 

B25 = 40 + 105 - 96 = 49° 


B2, = 40 + 48 = 88 
B2, = 88 + 105 - 192 = 1 


For equal mechanical spacing of the beginnings of the 
phases, phase B should start in slot 1 += 33, and phase C in 
slot 1+2-x &) = 65 or vice versa. Cl, lies in slot 65, and 
Bl, lies in slot 33. Thus Bl, can be taken as the beginning of 
phase B, and Cl, as the beginning of phase C. Checking the 
angles between the beginnings of the 3 phases (Bl, -l) x q x 60 
= 32 x yo x 60 = 840 - 2 x 360 = 120°, and (Cl, -1) xf x 60 = 


64 x yx 60 = 1680 - 4 x 360 = 240°. 
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For series or parallel connection of phases B and C, the 
same considerations apply as to phase A, and the connections are 
to be made in such a manner that Al), Bl,, and Cl, go either to 
the line or to the slip-rings. 


Example for a = - 2 and N = even. 
A 10-pole winding in 72 slots will be considered. From the 


Master Table 3-5, spp = 2 2/5 = 4#, Thus, N= 12, d= 5. From 
Table 7-44 for 5 = z, Sn +a = 2 and a = - 2. The winding pitch 
is, therefore, = 6 x 2 + 2 = 14; back pitch = front pitch = 7. 
Since the sign of a is negative, the winding progresses counter- 
Clockwise and has all the starts in lower conductors. From Eq. 
7-2 


p= Sz i2xP+i- 29 with P= 4 


There are in each phase 2 interlaced windings, each with 
o. of poles) = 42 - 2 parts. The total number of parts per 
phase is 2 x 2 = 4. 


Rules (c) and (d) yield for the lower conductors of phase A: 
1 30 23 16 9 2 31 #24 17 10 3 32 D-Series 
37 66 59 52 45 38 67 60 53 46 39 68 


Applying rules (e) to (h), the 4 parts (waves) of phase A 
are: 


1 59 45 31 17 #=;3 = Ist part of the lst winding 
30 16 2 60 46 32 = Ist part of the 2nd winding 
37 23 9 67 53 39 = 2nd part of the Ist winding 


66 52 38 24 10 68 


2nd part of the 2nd winding 


In order to lay out the winding, start with lower con- 
ductor 1 and connect it with upper conductor 72 +1 - 7 = 66; 
then connect this upper conductor with the second lower con- 
ductor 66 - 7 = 59 and_ so forth, ending with upper conductor 72 
+3 - 7 = 68 = Al,. The same is to be repeated with the other 
three parts. The starts of the parts of phase A lie in the 


slots 
Al, =] A2, = 30 


Al, = 37 A2, = 66 
which is in accordance with Eqs. 7-8 and 7-9. 
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Applying Eq. 7-15, the ends of the four parts lie in slots: 
= 12 - 2 = is 
Al, = 1+ [72 - “5“x 14-7] =1+([ 5] +72 = 68 
(72 is added, in order to make Al, positive) 
Al, = 37 + [- 5] = 32 
Applying Eqs. 7-10, 7-11, and 7-15, the starts and ends of phase 
C are found to lie in slots: 


Cl, = 25 Clo = 20 
Cl, = 61 Cl, = 56 
C2, = 18 C25 = 13 
C2, = 54 C2, = 49 


and applying Eqs. 7-12, 7-13, and 7-15, the starts and ends of 
phase B are found to lie in slots: 


Bl, = 13 Bl, = 8 
Bl, = 49 Bl, = 44 
B2, = 6 B25 = 1 
B2, = 42 B2, = 37 


Since d is odd, the starts of part 1 and part 2 of each of the 
interlaced windings have opposite signs (Al, and Al, have oppos- 
ite signs, as do also Cl, and Cl, and Bl, and Bl,). Further, 
the factor P which determines the magnitude of D is even, and 
this means that the polarities of the starts of the first parts 
of the interlaced windings are the same for phase A (Al, has the 
same polarity as A2,), but are opposite for phases C and B (Cl, 
is opposite to C2, and Bl, is opposite to B2,)- This is shown 
in Fig. 7-49. 


The polarities of the starts of the parts of the 2 inter- 
laced windings can also be checked by use of the general formula 
given in Art. 7-6. The number of slots per pole, for the wind- 
ing described, is 44= 71/5. Assume the polarity of Al, to be 
plus = (f). Then the polarity of A2, which lies in slot 30 will 


be determined by the quotient of 37-4 which lies between 4 and 
o. Since the smaller digit 4 is even, the polarity is the same 
as Al). Similarly, the polarity of Al, which lies in slot 37 is 
determined by the quotient “777¢-=5. Since 5 is odd, the 
polarity is opposite to Al). In like manner, the polarities of 


the remaining parts are obtained. Tabulated below are the slots 
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in which the starts of all parts lie, the digits between which 


of slot - 1 
lies the quotient of No. of slots per pole , and the polarity 


obtained. 
Polarity with Respect 
Slot in Which Quotient Lies to the Assumed Polar- 
the Start Lies Between ity of Al, 
Al, =] t 
A2, = 30 t 
Al, = 37 v 
A2, = 66 v 
Cl, = 25 J 
C2, = 18 tT 
Cl, = 61 t 
C2, = 34 L 
Bl, = 13 L 
B2, - 6 % 
Bl. = 49 f 
B2, = 42 b 





In the Connection Table (7-25),the polarities of the starts Cl, and 
Bl, have been assumed to be the same as Al,. Therefore, to make 
the above-calculated polarities of phases C and B conform to the 
Table, the polarities of all the starts of these phases are to 
be reversed, This yields 


Al, =? Cl, =T Bl, =T 
A2, =f C2) =L B2, =U 
Al, =. Cl, =e Bl. : 

A2, = J C2, =T B2., =f 


This is in agreement with the results shown in Connection Table 
7-25 and with the general polarity Fig. 7-49 which covers the 
case for a = +2, d = odd,and P = even. 


The arbitrary assumption that the polarities of Cl, and Bl, 
are the same as that of Al, and the reversing of all other polar- 
ities of these phases do not affect the connection of the parts, 
since the relative polarities of the parts remain the same. The 
Working Diagram for this winding is shown in Fig. 7-25 and a 
fully developed Winding Diagram is shown in Fig. 7-25a. 
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fal, Alot 1C1, Cl,v ‘Bl, Blot 
VAl, Al,? 1, Cl,* Bl, B1,T 
fAl, Al,’ 11, Clyv 181, Bled 
TA2) A200 2, C2,7 JB2, B2,T 
VA2, A2,f 4€2, C2) 182, B2,¥ 
TA2, A2e4 2, C2ef 1B2, B2,t 


a=¢+2 d=odd /P = even 


Figure 1 following the letter designating 
a phase denotes the first of the inter- 
laced windings. 


Figure 2 following the letter designating 
a phase denotes the second of the inter- 
laced windings. 


Subscripts 1, 3, 5, etc. denote the be- 
innings of the parts of the interlaced 
windings. | 


Subscripts 2, 4, 6, etc. denote the ends 
of the parts of the interlaced windings. 


Note that both windings cannot be connect- 
ed in parallel;they must be connected by 
ss 


series, 


Fig. 7-49. Polarities of the starts and ends of all 3 phases 
of a winding with a = + 2, d = odd, and P = even 


7-11. Layout of a Winding with a = + 2 and N = Odd Number. 


It has been already mentioned that, in the case of a = + 2 and 
N = odd number, both windings have a different number of coils. 
The rules (a) to (h) given in Art. 7-10 for a = + 2 and N = even, 
also apply here but with some changes. Since all the D-series 
determined under (c) and (d) here have an odd number of conduct- 


ors, the parts of the first winding will have Nt conductors 
and the partsof the second winding will have Rat conductors. 


under rules (e) and (g) which refer to the 
conductors following the winding-pitch 
series are to be determined and, under rules (f) and (h) which 
refer to the second winding, conductors following the 
winding-pitch series are to be determined. 


For this reason, 
first winding, tt 


The rules on parallel and series connections given in Art. 
7-10 and Eqs. 7-8 to 7-13 for the starts of the parts of both 
windings also apply here. However, Eqs. 7-14 and 7-15 for the 
ends must be adapted to the different numbers of coils in both 
windings. 
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Since d is even, the starts of all parts of the first wind- 
ing of the 2 interlaced windings have the same polarity and also 
the starts of all parts of the second winding have the same 
polarity. Further, the quantity P which determines the magnitude 
of D is odd, and this means that the polarities of the starts of 
the first parts of both windings are opposite. This yields 
Fig. 7-50 for the polarities of the starts and the ends of all 
phases. 


As explained previously, the series connection can be ac- 
complished in 3 different ways. The shortest connectors are 
obtained when Al, is connected with A2¢, Al, with A2,, Al, with 
A2,, Al, with A2., and Al, with A2.. Al, and A2, are the leads. 
Only 3 parallel circuits are possible. For parallel connection, 
connect first Al, with A2¢, Al, with A25, and Al, with A2,, and 


then connect Al), Al., Al. to one lead and A2,, A2,, A2. to the 
other lead. 

x Al, Alot t Cl, Clot t Bl, Bl, L 

t Al, Al,t t Cl, Cl,v ” Bl, Bl, L 

TAL, Algv *C1lz Cled 4Bl, Bley 

J A2, A257 v C2, C257 + B2, B2, t 

JL A2, A2,7 Ll C2, C2,7 1 B2, B2,7T 

L A2. A267 y C2, C2,7 1 B2, B2, t 

a= +2 de=#even  (~P = odd 


(P = always odd for d = even) 


Figure 1 following the letter designating a 
phase denotes the first of the interlaced 
windings. 


Figure 2 following the letter designating 
a phase denotes the second of thé inter- 
laced windings. 


Subscripts 1, 3, 5, etc., denote the begin- 
nings of the parts of the interlaced wind- 
ings. 


Subscripts 2, 4, 6, etc., denote’ the ends 
of the parts of the interlaced windings. 


Note that both windings cannot be connect- 
ed in parallel;they must be connected in 
series. 


Fig. 7-50. Polarities of the starts and ends of all 3 phases 
of a winding with a = + 2, d = even, and P = odd. 
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The starts and ends of phases C and B lie in slots (Eqs. 
7-10 to 7-13 and Eqs. 7-18 and 7-19): 


Cl) = 1 +19 x 50 - 16 x 57 = 39 


cl, = 39 +(s-1951 x 14-7] = 39 + 38 = 77 
Cl, = 39 + 57 = 96 
Cl, = 96 + 38 = 134 
Cl, = 39 + 2x 57 = 153 
Cl, = 153 + 38 = 191 - 171 = 20 
C2, = 39 + 50 - 57 = 32 
1 f3-19-3 7] = 
ca, = 32 +[s-4%3 x 14-7] = 32452 = 84 


C2, = 32 + 57 = 89 
C2, = 89 + 52 = 141 
C2, = 32 42x 57 = 146 


€26 = 146 + 52 - 171 = 27 


Bl, =1+2x 19 x 50 - 33 x 57 = 20 
Bly = 20 + 38 = 58 

Bl, = 20 + 57 = 77 

Bl, = 77 + 38 = 115 

Bl, = 20 + 2 x 57 = 134 

Bl, = 134 + 38 = 172 - 171 = 1 


B2, = 20 + 50 - 57 = 13 
B25 = 13 + 52 = 65 

B2, = 13 + 57 = 70 

B2, = 70 + 52 = 122 


B2, = 13 +2 x 57 = 127 
Bz, = 127 + 52 - 171 = 8 


For equal mechanical spacing of the beginnings of the 
phases, phase B should start in slot l + = 58, and phase C in 
slot 1 +2 x (3) = 115 of vice versa. Bl, lies in 58, but no 
start or end of C lies in 115. In this case equal mechanical 
spacing is not possible because 24 (= No.of poles) is a multiple 
of 6 (see Art. 6-3). Checking shows that Bl, = 77 and Cl, = 39 


can be used as phase beginnings. The angles are (B1,-1) x ax 60 = 
76 x yy x 60 = 1920 - 5 x 360 = 120°, and (Cl, -1) x 2 x 60 = 38 
X yy x 60 - 2 x 360 = 240°. 
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For series or parallel connection of phases B and C, the 
same considerations apply as to phase A and the connections are 
to be made in such a manner that Al), Bl. and Cl, go either to 
the line or to the slip rings. Fig. 7-35 shows the Working Dia- 
gram, Fig. 7-35 a the fully developed Winding Diagram, and Table 
7-35 the Connection Table for the example described above. 


7-12. Layout of a Winding with a Larger than 2. As 
mentioned previously (see Art. 7-4), the windings with a 


larger than 1 can be considered as consisting of a interlaced 


windings. The number of parts per phase of these windings is 
[a x No. of tes) |, each winding having No. of les parts. 


When 4 is an integer, all windings have the same number of 
conductors (coils) per part; when N is a fractional number, the 
windings have different numbers of conductors per part. In the 
first case, the layout of these windings is similar to that of 
the windings with a = + 2 and N = even; in the second case, the 
layout is similar to that of the windings with a = + 2 and N = 
odd. As before, the plus sign before a indicates that the wind- 
ing progresses clockwise, the negative sign that it progresses 
counter-clockwise. The rules given in Arts. 7-10 and 7-11 apply 
here, but with some modifications. 


Applying the rules (a) to (d) of Art. 7-10,the (No.of poles) 
D-series of phase A are determined. Then, starting with con- 
ductor 1, a certain number of conductors (Nl) will be found 
which follow the winding-pitch series. Now starting with the 
conductors 1 + D, 1 + 2D, ... 1+ (a-1)D, determine again the 
numbers of conductors N2, N3 ... which follow the winding-pitch 
series. Nl, N2, N3 ... are then the numbers of coils in the 
parts of the a interlaced windings. Nl + N2 + N3 +... must be 
equal to N. 


Thus for the first parts of phase A, 
Al, = 1 A2, =1+D A3, = 14 2D... (7-20) 


Note that A2); A3, --. must be smaller than 3N, otherwise sub- 
tract 3N, 6N... 


The starts of the second parts of the a interlaced windings 
of phase A are found by adding 3N to the starts of the first 
parts, and the starts of the third parts by adding 6N to the 
starts of the first parts. Thus: 
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Al, = 1 + 3N A2, = A2, + 3N A3, = A3, + 3N ... 

Al, = 1+6N A2, = A2, + 6N A3_ = A3) + 6N... (7-21) 
The ends of the first winding (Al) with Nl coils are: 
Start + [(N1-1) x winding pitch + back pitch], 


when a is positive (7-22) 
Start + [(S - (Nl1-1) x winding pitch - back 
pitch)], when a is negative (7-23) 


The ends of the second winding (A2) with N2 coils are: 
Start + ((N2-1) x winding pitch + back pitch], 


when a is positive (7-24) 
Start + (S-(N2-1) x winding pitch - back pitch], 
when a is negative (7-25) 


The ends of the third winding (A3) with N3 coils are: 
Start + [(N3-1) x winding pitch + back pitch], 


when a is positive (7-26) 
Start + [S-(N3-1) x winding pitch - back pitch], 
when a is negative (7-27) 


and so forth. 


The start of the first part of the first winding of phase C 
is 


Cl, = 1 + ND (7-28) 
and the start of the first part of the first winding of phase B 
is 


Bl, = 1 + 2ND (7-29) 

Applying Eq. 7-20, 
C2, = Cl, + D C3, = Cl, + 2D (7-30) 
B2, = Bl, + D B3, = Bl, + 2D (7-31) 


Note that the starts of the first parts of all windings, Cl), 
C2), C3, sone Bl,, B2, ,B3, -e- must be smaller than 3N, otherwise 
subtract 3N, 6N ... 

Applying Eq. 7-21, 


Bl, : Bl, + 3N B2, - B2, + 3N B3. : B3) + 3N (7-32) 
Bl, = Bl, + 6N B2. = B2, + 6N B3. = B3, + 6N 

and 
Cl, = Cl, + 3N C2, = C2, + 3N C3, = Cl, + 3N (9-33) 


Cl. = Cl, + 6N C2. = C2) + 6N C3. = Cl, + 6N 
The ends of the first winding of phases C and B (Cl and Bl) with 
Nl conductors per part are given by Eqs. 7-22 and 7-23; the ends 
of the second winding of phases C and B (C2 and B2) with N2 
conductors per part are given by Eqs. 7-24 and 7-25; the ends of 
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the third winding of phasesC and B (C3 and B3) with N3 conductors 
per part are given by Eqs. 7-26 and 7-27, and so forth. 


In this way,the starts and ends of all parts are determined. 
If the polarities of all parts are known, the connections for 
series and parallel connection can be determined. The polarities 
of the starts of the parts of one and the same winding (Al,, Al., 
Al, or A2), A2,, A2_ ---) are determined by d; they alternate 
when d is odd; they are all the same, when d is even. The 
polarities of the starts of the first parts of different wind- 
ings (Al, ,A2,,A3, oe. OF Bl,, B2,, B3, -e-) are best determined 
by the general rule given in Art. 7-6. 


TAl, VAl, tAl- TAl, LAl, TAL. 
{A2, TA2. 1A2_ TA2, 1A2, TA2. 
TA3, 1A3, TAS. 1A3, TA3 3 1A35 
Cl, (Cl, M1, C1, 1Cl., M1. 
1C2, 12. C2, C2) $C2., 102. 
{C3, 1€3., {C35 C3) 103, JC3_ 
TB1, 1Bl, +B1ls TB1, 1Bl, TB1, 
TB2, 1B2., 1B2- VB2, TB2., 1B2, 
1B3, TB3., 1B35 1B3) TB3, 183, 
a=+3 d= odd P = odd a=-+3 d= odd P = even 


(a = + 3 does not occur when d = even number) 


This figure shows only the polarities of the 
beginnings of the 3 interlaced windings. The 
polarities of the ends are opposite to those 
of the beginnings. 


Figure 1 following the letter designating a 
phase denotes’ the first of the interlaced 
windings. 


Figure 2 following the letter designating a 
phase denotes the second of the interlaced 
windings. 


Figure 3 following the letter designating a 
phase denotes’ the third of the interlaced 
windings. 


Subscripts 1, 3, 5, etc. denote the begin- 

nings of the parts of the interlaced wind 

ings. 

Note that both windings cannot be _ connect- 

ed in parallel;they must be connected in 

series. 
Fig. 7-51. Polarities of the starts and ends of all 3 phases 
of a winding with a = +3, d= odd, P= odd, anda = + 3, 
d = odd, P = even. 
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The polarities of the first parts of the first winding (Al), 
Bl), C1,) can be assumed arbitrarily. The polarity rules fix 
then the polarities of all other parts. For example, for a = + 
3, d = odd, and P = odd or even,the polarities are such as shown 
on Fig. 7-51. Fig. 7-43 shows a fully developed diagram 
with a = + 3, d = odd, and P = odd. For the connections of the 
parts, use Fig. 7-51. 


7-13. Layout for 2 or More Parallel Paths. Contrary to the 
integral slot and (integral + 1/2) - slot wave windings in which 


each phase consists of 2 parts, the windings treated in this 
chapter have 9,0f poles x ic parts per phase. In the integral- 
slot and (integral + 1/2) - slot windings, special methods dis- 
cussed in Arts. 6-9 and 6-10 were developed to lay out the wind- 
ings for 2 or more parallel paths. For the windings treated in 
this chapter, the procedure of laying out the winding for 2 or 
more parallel paths is exactly the same as for series connection. 
The number of parallel paths is limited by the requirements out- 
lined in Arts. 7-5. The proper connection of tthe parts into 
parallel paths is based upon the polarities of their starts and 
ends which are regulated by the values of d and P as outlined in 
Art. 7-6. 
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7-25. Working Diagram for 72 slots, 10 poles, spp = 2 2/5 


Fig. 
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TABLE 7-35 
Connection Table for 171 Slots, 24 Poles, spp=2 3/8; (y=14; y,=7; ys=7; a=-2; d=even; Peodd) 


WORKING DIAGRAM Fig. 7-35 






» 24 poles, 


= 2 3/8 


Fig. 7-35. Working diagram for 171 slots 
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TABLE 7-44 
FOR THE DETERMINATION OF THE WINDING-PITCH AND THE 
NUMBER OF INTERLACED WINDINGS PER PHASE 
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CHAPTER 8 
UNBALANCED FRACTIONAL-SLOT WAVE WINDINGS 


8-l. Features of the Windings Treated in This Chapter. The 


windings treated in this chapter have the same features as the 
unbalanced fractional-slot lap windings considered in Chapter 5, 
and all statements made in Art. 5-1 apply here also. Thus, 2 
kinds of unbalanced windings are to be dealt with, one in which 
the number of slots and the denominator of the fraction of spp 
are both divisible by the number of phases (3) and the other in 
which the number of slots is not divisible by the number of 
phases. In the first case all slots have 2 coil sides; in the 
second case some coils are omitted and, therefore, some slots 
have only one coil side. 


The corresponding values of number of slots,number of poles, 
and spp of the windings of the first kind are listed in the Mas- 
ter Table 3-5 and marked there by asterisks; the corresponding 
values of number of slots, number of poles and spp of the wind- 
ings of the second kind are listed in Table 5-4. 


As in previous chapters, left-hand coils are assumed. Fur- 
thermore, if there are more than 2 conductors per slot, i.e., 
more than one conductor per layer, the winding is considered as 
having a fictitious number of slots equal to the real number of 
slots times the number of conductors per layer. With this fic- 
titious number of slots, the winding appears again as one which 
has only one conductor per layer, and the numbering of the slots 
coincides with the numbering of the conductors. 


8-2. Connection Tables and How to Use Them. The Connection 
Tables given for various slots and pole combinations show: 


(1) The position of the starts and ends of the winding parts 
of the 3 phases. 

(2) The number of parts per phase. 

(3) The number of coils per part. 

(4) The polarity of the parts. 

(5) The number and location of abnormal-front-pitch coils if 
there are any. 
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(6) The connections to be made for series or parallel, star 
or delta connection. 

(7) Winding pitch = y. 

(8) Front pitch = Ye: 

(9) Back pitch = Yp- 
There are too many unbalanced windings so that it is impractical 
to give Connection Tables for all of them. Tables 8-1 to 8-23 
refer to pole and slot numbers which are more often encountered 
in practice. In Arts. 8-4 to 8-8, methods of laying out any kind 
of unbalanced windings are explained. The use of the Connection 
Tables will be explained by two examples. 


Consider a 12-pole winding in 96 slots with 2 conductors per 
slot. The Master Table 3-5 shows that spp = 2 2/3. The Connec- 


tion Table for this value of spp is Table 8-9. Each phase con- 
sists of 2 parts, and each part has the same number of coils. It 
shows that for 12 poles and 96 slots,the leads of phase A are the 
2 upper conductors 1 and 9, and the 2 lower conductors 59 and 67 
lying in slots 1, 9, 59, and 67; the leads of phase B lie at the 
top of slots 38 and 46 and at_ the bottom of slots 96 and 8; the 
leads of phase C lie at the top of slots 67 and 75 and at the 
bottom of slots 30 and 38. The back pitch of this winding is 8 
slot pitches; the front pitch is also 8 slot pitches, i.e., upper 
conductor 1 is connected with lower conductor 1 + 8 = 9, and this 
latter conductor is connected with upper conductor 9 + 8 = 17, 
and so forth. The winding progresses clockwise. 


Phases A and B each have 2 longer-front pitches in each part; 
phase C has 3 longer-front pitches in each part. The longer- 
front pitches lie before the upper conductors 2, 3, 4, 5, 6, 7, 8, 
10, 11, 12, 13, 14, 15,and 16. 


Series or two parallel circuits are possible. For series 
connection, Ay must be connected with Ay, Bo with B,; and Co with 
C4. For parallel connection, A) must be connected with Ay, Ay 
with Ap, B) with B,; B., with Bo, C) with Cy; and Cy with Co. 


For star connection of the 3 phases, Ay must be connected 
with B, and C) to the star point; for delta connection, Ag must 
be connected with B, B, with Cy, and C, with A). This applies 
to series as well as to parallel connection of the 2 winding 
parts. In both cases, A); B,, and C, are the leads to be connec- 
ed to slip rings or to the line. 
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As a second example, consider an 18-pole winding in 114 
slots with 2 conductors per slot. The Master Table 3-5 yields 
for 18 poles and 114 slots spp = 2 1/9. The Connection Table for 
this value of spp is Table 8-20. It shows that each phase con- 
sists of 6 parts. The number of coils is not the same in all 
parts. 


The first part of phase A, Al, -Alo, has 7 coils, the leads 
of which are upper conductor 1 and lower conductor 85, lying in 
the slots with the same numbers; the second and third parts of 
phase A, A2,-A2, and A3)-A3p_ , have 6 coils each, the leads of 
which lie in upper conductor 20 and lower conductor 91 and in 
upper conductor 39 and lower conductor 110, respectively. The 
fourth part of phase A, Al,-Al,, has 7 coils with leads in upper 
conductor 58 and lower conductor 28. The fifth and sixth parts, 
A2,-A2, and A3,-A3,, have 6 coils each, the same as parts 2 and 
3, but with leads in upper conductor 77 and lower conductor 34 
and upper conductor 96 and lower conductor 53, respectively. 


Phase B has 7 coils in parts 3 and 6, i.e., in parts B3,-B3. 
and B3..-B3,4, and 6 coils in each of the other 4 parts; phase C 
has 7 coils in parts 2 and 5, i.e., in parts C2,-C2, and C2.,-C2,, 
and 6 coils in each of the other 4 parts. 


The back pitch of the winding is 6 slot pitches, the front 
pitch 7 slot pitches, i.e., upper conductor 1 is connected with 
lower conductor 1 # 6 7, and this conductor is connected with 
upper conductor 7 + 7 14, and so forth. The winding progresses 
clockwise. There are no abnormal-front pitches in this winding. 


The first 3 parts and the second 3 parts of each phase must 
be connected in series, i.e., in phase A, Al, must be connected 
with A2,, and A2, with A3); further Al, with A2,, and A2, with 
A3.. The free ends are Al, and A35 in the first 3 parts, and Al, 
and A3, in the second 3 parts. The connections to be made in 
phases B and C are obtained from those of phase A by substituting 
the symbols B and C, respectively, for A. 


The 2 groups of each phase obtained in this manner can be 
connected in series as well as in parallel. For series connec- 
tion, connect A3_ with A3,, B35 with B34, and C35 with C34. For 
parallel connection, connect Al, with A3,,; Al, with A35, Bl, with 
B3,; Bl, with B35, Cl, with C34; and Cl, with C35. 
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For series star connection of the 3 phases, connect Alg, Bl., 
and Cl, together; for series delta connection, connect Al, with 
Bl,, Bl, with Cl,, and Cl, with Al). This also applies to the 
parallel connection of the 2 parts. In both cases, Al,, Bl); and 
Cl, are the leads to be connected to slip rings or to the line. 


8-3. Working Diagrams. The Working Diagrams given in this 
chapter fall into 2 classes: those with the winding made up of 
coil series and abnormal-front pitches (d = 3 and d = 6), and 
those with no abnormal-front pitches (d = 9). The diagrams for 
windings of the first classification have the reference. points 
determined by Fig. 8-25. For windings with d = 9, the reference 
points are determined by Fig. 7-44 when the sign of ais positive, 
and by Fig. 7-45 when the sign of a is negative. The sequence 
and position of the starts and ends of the winding parts are then 
determined by the use of the Connection Tables as explained in 
Art. 7-3. These Tables also show the permissible number of 
parallel paths and the star and delta connection. Working Dia- 
grams are given for the slot and pole combinations shown in Table 
8-25. In this Table, 8-1, 8-2, etc., indicate the figures which 
represent the corresponding Working Diagrams. 


NN 


Cc A B 


m 


End of a Coil 
Series of Phase A 


Beginning of the 
Coil Series Aj —y 
of Phase A 


A= A) = Top of slot 1 
B = Bottom of slot (1 + back pitch) 


C = Bottom of slot (1 + number of 
slots - front pitch) 


Fig. 8-25. General Working Diagram for determining 
the reference points for windings with 
d = 3 and d = 6. 
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Fully developed Winding Diagrams are also given for the fol- 
Owing cases: 


84 slots 12 poles’. spp = 2 1/3 
117 slots 18 poles’- spp = 2 1/6 
114 slots 18 poles’- spp = 2 1/9 


8-4. Winding Pitch, Back Pitch, and Front Pitch. General 
Rules. The formula for the winding pitch is the same as that 


given for balanced fractional-slot wave windings (see Art. 7-4), 
namely, 


winding pitch = 6I + Sn ta (8-1) 


where I is the integer of spp, n the numerator of the fraction of 
spp, and d its denominator. For example, when spp = 2 1/9, I is 
equal to 2, n is equal to 1, andd to 9. a is again the smallest 
integer which makes the winding pitch an integer. Therefore, for 
spp = 2 1/9,a = +3 and the winding pitch= 6 x 2 + Sxl ts = 13. 
a can be equal to 0. 


When the same magnitude of a with positive and negative sign 
makes the quantity 6n +a an integer, choose the sign which 
makes this quantity an even number. 


The values of cone 8) and a for different values of 4 are 
given in Table 8-24. It can be seen from this Table that for d 
equal 3 to 12, a has the magnitudes 0, 3, and 6. a = 0 means 
that the winding is to be treated as an integral-slot winding for 
which d = 1 and a = O. Thus, the windings with a = 0, i.e., the 
windings with d = 3 and d = 6, will be wound in coil series with 
abnormal-front pitches (see Art. 6-1). The windings with a larger 
than O have no abnormal-front pitches, just as the balanced frac- 
tional-slot wave windings have no abnormal-front pitches (Art. 
7-1); however, their layout is somewhat different from that of 
the latter windings. 


When a = 0, each phase consists of 2 parts, just as in the 
case of the integral-slot winding. 


When a is larger than 0, its magnitude determines the number 

: (No. of poles) 
of parts in each phase; there are xX a parts in 
each phase. Furthermore, as in the case of the balanced frac- 
tional-slot wave windings, the plus sign before a means that the 
winding progresses clockwise with all parts starting with upper 
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conductors, and the minus’ sign before a means that the winding 
progresses counter-clockwise with all parts starting with lower 
conductors. 


The layout of the unbalanced fractional-slot wave windings 
is based on its D-series, just as in the case of the balanced 
fractional-slot wave windings. However, the shape of the D-series 
of the unbalanced windings has more variety than that of the bal- 
anced windings. The magnitude of D is given by the equation 

p = SNP +3 (8-2) 


where N is the numerator of spp, and P the smallest integer, in- 
Cluding zero, which makes D an integer. For example, for spp = 
21/9 = 42, N= 19, P= 2, and D = 13. 


The rules for layout of unbalanced fractional-slot wave wind- 
ings which are common to all windings of this kind are: 

a. Write spp = 4 where N and d have no common divisor. 

b. Determine the value of D from Eq. 8-2. 

c. Write first the D-series 

1, 1 + D, 1 + 2D, ... 1 + (N - 1)D (8-3) 

for N digits, all being smaller than N, i.e., subtract N or a 
multiple of it, if any of the numbers become larger than N. Then 
below the D-series write N 1) more series in such a manner 
that the numbers of each of the 5 series are larger by N than the 
numbers of the foregoing series. The 5 horizontal rows obtained 


in this manner represent the slots of the whole machine, 


For maximum distribution factor of the main wave, the assign- 
ment of the slots to the 3 phases should be the same as that for 
unbalanced lap windings (see Art. 5-4), i.e., the 5 series should 
be divided into 3 groups in such a manner that the slots belong- 
ing to each group are as_ close to one another as possible and 
that each group has the same number of slots (when the number of 
slots is not divisible by 3, a certain number of coils are to be 
left out (see Art. 8-8), The application of this rule to wave 
_windings makes it necessary to treat these windings individually 
corresponding to the value of the denominator of the fraction d. 
This will be explained by several examples in which S is divisible 
as well as not divisible by 3. Independent of the value of d, 
the parts of each phase must follow the winding-pitch series (see 
Art. 7-4). 
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Whether or not the parts of each phase can be connected in 
parallel is to be decided from case to case in the same manner as 
was done for unbalanced fractional-slot lap windings (see Art. 
5-5). 


8-5, Layout of a Winding with a Number of Slots Divisible 


by 3 and_ the Denominator of spp = 3. It follows from Table 8-24 
that, in this case, a = 0. Further, Eq. 8-1 yields 


winding pitch = 2N, back pitch = front pitch = N 
a = 0 means that the winding can be connected in the same manner 
as the integral-slot wave windings, i.e., in coil series and with 
abnormal-front pitches. In the D-series determined according to 
(c) Art. 8-4, consecutive numbers of each horizontal row differ 
by D and consecutive numbers of each vertical row differ by N. 
Since the winding pitch equals 2N, the numbers which follow the 
winding-pitch series 
1, 1 + (winding pitch), 1 +2 x (winding pitch)... 

are the alternate numbers of the vertical rows. 


As in the case of integral-slot windings, each phase consists 
of 2 parts independent of the number of poles. Since the number 
of slots S is always divisible by 6, the 6 parts of the winding 
can always be made equal, i.e., the 2 parts of each phase can al- 
ways be made equal. The formulae given below for the starts and 
ends of the winding parts, as well as_ the treatment of the ex- 
ample, are based on equal winding parts. It should be noted that 
the 2 parts of each phase can also be made with unequal numbers 
of coils, as is shown in Art. 8-6 for the windings with d = 6. 
Making both parts of each phase with equal numbers of coils has 
the advantage that both parts can be connected not only in series 
but also in parallel; making both parts with unequal numbers of 
coils has the advantage that the number of abnormal-front pitch 
is smaller than in the case of equal numbers of coils, but par- 
allel connection of the 2 parts is not possible. 


Each coil perree conelere here of = coils, i.e., of = 
upper conductors and py lower conductors. Therefore, in order to 
lay out the winding, start with upper conductor 1 and wind the 
first coil series of = coils, observing that the back pitch = 
front pitch = N. Then connect the last conductor of the first 
coil series which is a lower conductor with upper conductor 2 and 
wind the second coil series; the last conductor of this series 
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connects with upper conductor 3 and so forth, until 1/6 of all 
conductors are connected together. This is then the first part 
of phase A. Start now with the upper conductor which is one front 
pitch apart from the last lower conductor of the first part of 
phase A and wind again a sixth of the conductors. This is part l 
of phase C. Part 1 of phase B is obtained by one sixth more of 
the conductors in the same manner. The next sixth then is the 
second part of phase A and so forth. 


The starts and the ends of the parts are, with the abbrevia- 
tion 


G - 1) x winding pitch + back pitch = b (8-4) 
as follows: 
A, =1 A,=1l+b+ a 
A," 14N Ag™ Ag +b + Mi 
C) = Ay + front pitch Co = C) + b + 2h - ai (as 
es a C,= Cg +b+ N - ai 
B, = Cy + front pitch Bp = B) +b + (N- 1) - 34 
B, = B) +N B, = B, +b+ (N- 1) - 34 


The letter i indicates that only the integral part of the quantity 
is to be taken. If any of the quantities Ay, Ay; C,; etc., be- 
come larger than the number of slots S, this latter quantity or 
a multiple of it is to be subtracted. The number of longer-front 
pitches is equal to 


i in both groups of phase A 


aA - qi in both groups of phase C 
(N-1) - 2 in both groups of phase B 
The total number of longer-front pitches is equal to 2(N - 1). 


Example 
The method described will be demonstrated by a 12-pole wind- 


ing in 96 slots with 2 conductors per slot. The Master Table 3-5 
yields for 12 poles and 96 slots spp = 2 2/3 = 8/3. Thus, N = 8, 
d =3, andn =2, Table 8-24 shows that, for 2/3, (S2,t8) = 4, 
and a = 0. The winding pitch is 6 x 2 + 4 = 16 and back 
pitch = front pitch = 8. From Eq. 8-2 
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p= 3xXS8xP+3- 1 with P= 0 


i.e., the D-series consists of N = 8 digits increasing by 1. The 
number of D-series is S = 36 = 12. The numbers of the consecutive 
figures of a vertical row differ by N= 8. Thus, the rules (a) 
to (c) of Art. 8-4 yield the following D-series: 


A C B 

1 2 4 3 7 8 
9 10 12 13 15S 16 
17 «36418 20 21 23 24 
25 26 28 29 31 32 
33 34 360 337 39 640 
41 42 44 45 47 48 D-sériek 
49 30 52. «53 595 38656 
57 = 58 60 61 63 64 
65 66 68 69 71 372 
73 «+74 76 77 79 ~=— 80 
81 82 84 85 87 83688 
89 90 92 93 95 96 





These series represent all of the slots (or all upper conductors, 
or all lower conductors) of the machine. 


Phase A will start with upper conductor l. This conductor 
is to be connected with lower conductor 1 + 8 = 9, and this latter 
conductor with the upper conductor 9 + 8 = 17 = 1 + winding pitch 
= 1 + 2N. Since consecutive digits of each column differ by N, 
the first upper conductor which follows upper conductor 1 is the 
third digit (17) of the first column. The next following upper 
conductor (33) is then the fifth digit of the first column, and 
so forth. ia first column consisting of 5 = 38 = 12 digits sup- 
plies thus oy = 6 consecutive upper conductors 1, 17, 33, 49, 65 
and 81, which make the first coil-series of phase A. The last 
upper conductor of this coil series is 8l,and the lower conductor 
to which this conductor is connected is 81 + 8 = 89. Now the 
front pitch must be increased by 1, i.e., the lower conductor 89. 
must be connected with upper conductor 89 + 8 +1 = 98 - 96 = 2. 
This is the first conductor of the second column. Starting with 
this conductor the second coil series consisting of 6 coils is 
wound; then, again increasing the front pitch by 1, the third 
coil series is wound starting with upper conductor 3 and so forth 
until a sixth of all coils are included. This is then the first 
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part of phase A, with the start A) and the end Ay which are upper 
and lower conductors, respectively. The next upper conductor 
which follows Ay is the start C, of phase C which is to be wound 
in the same manner as phase A, until the second sixth of all coils 
are included. The third sixth constitutes the first part of phase 
B, the fourth sixth the second part of phase A, the fifth sixth 
the second part of phase C, and finally the sixth sixth the second 
part of phase B. The sequence of the upper conductors (or slots) 
is then as follows: 


A, 117 33 49 65 81 2 18 34 50 66 82 3 19 35 51 
9 25 41 57 73 89 10 26 42 58 74 90 11 27 43 59 
C, 67 83 4 20 36 52 68 84 5 21 37 53 69 85 6 22 
C, 75 91 12 28 44 60 76 92 13 29 45 61 77 93 14 30 
B, 38 54 70 86 7 23 39 55 71 87 8 24 40 56 72 88 
B, 46 62 78 94 15 31 47 63 79 95 16 32 48 64 80 96 


y-series 


These are winding-pitch series. Long-front pitches appear before 
the starts of the coil series, i.e., before the conductors of the 
first two horizontal rows of the D-series, except conductors 1 
and 9, which are starts of parts A,-Ay and A,-A,4. There are 2 
x N- 2 = 14 abnormal-front pitches. The spacing between then, 
with the 2 exceptions, is equal to the number of coils in a coil 
series, i.e., 6. 


From the connection chart (winding-pitch series) 
A) =1 Ay = 51 + 8 = 59 C) = 67 Co = 22 + 8 = 30 


B, = 38 B= 88 +8=96 A,=9 A, = 59 +8 = 67 


Cy = 75 C, = 30 +8 38 By = 46 B, = 96 + 8 - 96 = 8 
The formulae (8-4) and (8-5) yield the same results. Checking, 
for example, C4: 


p = (9% - 1) x 16 +8 = 248 
C, = 75 +248 +5 - 2 = 326 - 3 x 96 = 38 


4 


The broken lines shown in the D-series indicate the separa- 
tion of the D-series in the slots of the 3 phases. The slots to 
the left belong to phase. A; the slots in the middle to phase C, 
and those to the right to phase B. A comparison of this distri- 
bution with those shown in Art.5-4 for unbalanced fractional-slot 
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lap windings indicates that here also maximum distribution factor 
results. 


An examination of the connection chart (winding-pitch series) 
shows that both parts of each phase can be connected in parallel. 
This follows from the fact that the conductors of part A,-A, 
(or Co-Cy, or B,-B,) which correspond to the conductors of part 
A,-Ap (or C)-Cy or B, -Bo) in the winding-pitch series lie in the 
same column of the D-series (see Art. 5-5). Considering, for ex- 
ample, phase A, the corresponding conductors 1 and 9 both lie in 
the first column, the corresponding conductors 18 and 26 both lie 
in the second column, and so forth. 


For series as well as for parallel connection of the parts, 
the polarities of the starts (or ends) must be known. Note that 
in the case of d = 3, the polarities of A, and A (C, and Cy; B) 
and Bs) are opposite. The same applies to the ends of the two 
parts of each phase. Thus, for series connection, connect Ao with 
Ay, Co with C4, and Bo with By. A), A, C); C., B, » and B, are 
the leads. For parallel connection, connect A) with Ay; A, with 
Ay, C) with Cy, C. with Co; B, with B,, and By with Bo. For star 
connection of the 3 phases, A, must be connected with B, and C) 
to the star point; for delta connection, A, must be connected with 
B,, B. with C., and C, with A). This applies to the series as 
well as to the parallel connection of the 2 winding parts. In 
both cases, A), B, and C. are the leads to be connected to slip 
rings or to the line. 


8-6. Layout of a Winding with a Number of Slots Divisible 


by 3 and the Denominator of spp = 6. It follows from Table 8-24 
that in this case a = 0. Further, Eq. 8-1 yields 


winding pitch = N~ back pitch = Qo) 
front pitch = “+ 


a = 0 means here, as in the case of d = 3, that the winding can 
be connected in the same manner as was the integral-slot wave 
winding , i.e., in coil series and with abnormal-front pitches. 
Since the winding pitch is equal to N and N is the difference be- 
tween 2 consecutive digits of the vertical rows, the numbers 
which follow the winding-pitch series 
l, 1 + (winding pitch), 1 + 2x (winding pitch) ... 

are the consecutive numbers of the vertical rows. 


512 


As in the cases for d # 3 for integral-slot wave windings, 
each phase consists of 2 parts independent of the number of 
poles. However, the number of slots is not always divisible by 6 
and in such cases the 2 parts of each phase must have different 
numbers of coils. When the number of slots is divisible by 6, the 
winding can be accomplished with 6 equal parts as in the case of 
d= 3. Yet the advantage,which the arrangement of 6 equal parts 
has in the case of d = 3, namely, the possibility of 2 parallel 
paths, does not exist here. For this reason, the formulae for 
the starts and ends of the winding parts given below, as well as 
the treatment of the example, are based on unequal winding parts, 
regardless of whether or not the number of slots is divisible by 
6. 


When the numerator n of the fraction of spp is equal to l 
(for example, n = 1 for spp = 1 1/6, 2 1/6, 3 1/6 ...) the second 
part of each phase will be made with 3y more coils than the first 
part. On the other hand, when, the numerator of the fraction of 
spp is equal to 5 (for example, n= 5 for spp = 1 5/6, 2 5/6, 
3 5/6 ...), the second part of each phase will be made with 3 
less coils than the first part. Thus, the numbers of coils con- 
tained in the 2 parts of each phase are 


n= 1 n= § 
first part = 5 (N—1) first part = 3 (X41) 
coils coils (a-6) 
second part = : (N+ 1) second part = : (N= 1) 
coils coils 


In order to accomplish the winding, start with upper conductor 1 
and wind the first coil series of RN coils, observing that the 
back pitch is (X51) and the front pitch (X+1). These first 5 
coils constitute the first column of the D-series. The last con- 
ductor of the first coil series, which is a lower conductor, con- 
nects with upper conductor 2 and makes up the second coil series, 
and so forth. Depending on whether n is 1 or 5, (A N 1) or 
3 E44 coils are to be connected in this manner and this is 
then the first part of phase A. The first part of phase C starts 
1 front pitch plus 1 ahead of the last lower conductor of the 
first part of phase A and has as many coils as the first part of 
phase A. The same applies to the first part of phase B with 
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respect to phase C. After the first part of phase B has been ac- 
complished, the second parts of the 3 phases are to be made up. 
The second part of phase A starts 1 front pitch plus 1 ahead of 
the last lower conductor of the first part of phase B and has 
3 (X41) or 4 (¥ i 1) coils depending on whether n is 1 or 5. 
The second part of phase C starts in an upper conductor which is 
1 front pitch ahead of the last lower conductor of the second 
part of phase A, and _ the second part of phase B starts in an 
upper conductor which is 1 front pitch ahead of the last lower 
conductor of the second part of phase C. 





The starts and ends of the parts are as follows: 
(a) n= 1. With the abbreviations, 


F - 1) x winding pitch + back 
pitch +I - 1= byo (8-7) 
and 
E x spp - I) 5 - 1|x winding pitch + back (8-8) 
pitch + (2 x spp - I); = big 


where I is the integer of spp, and i again indicates that the 
integer of the quantity is to be taken, 


A, =1 Ay = 1+ bio 

Ci = Ay + front pitch + 1 Co = 2A5 + front pitch 

B, = 2(Ay + front pitch) +1 B = 3A5 + 2 x front pitch 
(8-9) 

A, = 3(Ay + front pitch) +1 A, = A, + bi, 

Cy = A, + front pitch C, = 2A, - A, + front pitch 


3 7 2(A,4 + eront pitch) - Ag B, = 3A4 - 2(A, - front pitch) 


The number of longer-front pitches is (I - 1) in the first wind- 
ing parts, and I in the second winding parts. The total number 
of longer-front pitches is 3(2I - 1) 
(b) n =5. With the abbreviations, 

[ar + 18 - 1] x winding pitch + back pitch + I= by) (8-10) 


[2 x spp -I- 13 - 1] x winding pitch + back 
pitch + (2 x spp -I - 1), = bey (8-11) 
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Ay = 1 Ay = 1+ Deo 
Ci = Ay + front pitch + 1 Co = 2A5 + front pitch 
B, = 2(Ay + front pitch) +1 By = 3A, + 2 x front pitch 
(8-12) 
C, = A, + front pitch C, * 2A, - 44+ front pitch +1 
B, = 2(A, + front pitch) - B, = 3A, - 2(A, - front 
Ag +1 pitch) +1 


If any one of these quantities becomes larger than S, this latter 
quantity or a multiple of it is to be subtracted. The number of 
longer-front pitches is equal to I in the parts A,-Ay, C)-Co, 
B,-B,, Ag-A,, and B,-B,; it is equal to (I + 1) in the winding 
part Co-C,. The total] number of abnormal-front pitches is equal 
to (61 + 1) 


Example 

The method described will be demonstrated by a 12-pole 
winding in 102 slots with 2 conductors per slot. The Master 
Table 3-5 yields for 12 poles and 102 slots spp = 2 5/6 = 7. 
Thus, N = 17, d = 6, and n = 5, Table 8-24 shows that, for 5/6, 
— = 5 and a = 0. The winding pitch is then 6 x 245 = 


17 - 1) 
= 17=N; the back pitch = (17 7 = 8, and the front pitch 
QT + 1) - 9 


From Eq. 8-2 


D = Su itxp+es- 9 with P=1 


This yields, according to rule (c) of Art. 8-4, the following 
D-series: 
A C B 


110 211 312/413 514 6 16 8 17 9 
18 27 19 28 20 29/21 30 22 31 23 33 25 34 26 
35 44 36 45 37 46/38 47 39 48 40 50 42 51 43 





D-series 
52 61 53 62 54 63/55 64 56 65 57] 66 58 67 59 68 60 


69 78 70 79 71/|80 72 81 73 82 74| 83 75 84 76 85 77 
86 95 87 96 88/97 89 98 90 99 91/100 92 101 93 102 94 
Each horizontal row contains N = 17 numbers (conductors), and 
there are 5 = 102 . 6 horizontal rows. Each column contains 6 
conductors following the winding-pitch series 

l, 1 +17 = 18, 18 + 17 = 35, 35 #17 = 52, ... 
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The connection chart (winding-pitch series), i.e., the 
sequence of the upper conductors, corresponding to the rules 
given previously in this article (see also Art. 8-5) is as fol- 
lows: 

A, 118 35 52 69 86 219 36 53 70 87 3 20 37 54 71 88 


A, 10 27 44 61 78 95 11 28 45 62 79 96 12 29 46 63 
Cc, 421 38 55 72 89 5 22 39 56 73 90 6 23 40 57 74 91 
y-series 
Cy 80 97 13 30 47 64 81 98 14 31 48 65 82 99 115 32 
B, 7 24 41 +558 75 92 8 25 42 59 76 93 9 26 43 60 77 94 
B. 49 66 83 100 16 33 50 67 84 101 17 34 51 68 85 102 


Since n is equal to 5, the first part of each phase con- 
tains 102 itt) = 18 coils and the second part of each phase 


contains 102 (4472) = 16 coils. Starting with upper conductor 


1, the conductors are connected continuously, observing that the 
back pitch is equal to 8 and the front pitch to 9. The first 18 
colls are then assigned to part 1 of phase A, the next 18 coils 
to part 1 of phase C and the next 18 coils to part 1 of phase B. 
The 16 coils following part 1 of phase B constitute the sec- 
ond part of phase A; then 16 coils follow for part 2 of phase C, 
and finally 16 coils for part 2 of phase B. 


There are 6 x 2 +41=#= 13 longer-front pitches, 3 in part 
C.-C, and 2 in each of the other 5 parts. The longer pitches 
appear before the starts of the coil series, except when these 
starts coincide with the starts of a winding part. Here, longer- 
front pitches will be found before the upper conductors 2, 3, 5, 
6, 8, 9, 11, 12, 13, 14, 15, 16,and 17. 

From the Connection chart (winding-pitch series): 


A, =l Ay = 88 + 8 = 96 

Ay = 10 A, = 63 + 8 = 71 

C,=4 Co = 91 + 8 = 99 

C, = 80 Cy = 32 + 8 = 40 

B, = 7 Bo = 94 + 8 = 102 

Ba = 49 B, = 102 + 8 = 110 - 102 = 8 


The formulae 8-10 to 8-12 yield the same results. Checking C4, 
for example, 


916 


S 102 “2 


Ay = 1 + 299 - 2 x 102 = 96 

= 3(96 + 9) +1 = 316 - 3 x 102 = 10 

= 10 + 265 - 2 x 102 = 71 
C,=2x71- 10 +9 +1 = 142 - 102 = 40 


> 
m ow 
‘ ‘ 


The slots of the 3 phases were obtained by separating the 
D-series with the broken lines shown. This distribution of the 
slots among the 3 phases yields maximum distribution factor of . 
the main wave. 


An examination of the connection chart (winding-pitch 
series) shows that the 2 parts of the phase cannot be connected 
in parallel because they consist of different numbers of coils. 
In the case considered, the number of slots (102) is divisible 
by 6 and, therefore, the 2 parts of each phase could be made 
with equal numbers of coils 192 = 17, but even then the 2 par- 
allel circuits would not be possible because the corresponding 
slots of the 2: parts of the phase do not lie in the same columns 
of the D-series (see Art. 8-5). 


For series connection, observe that the polarities of A, 
and A. (C, and C3, B, and B3) are opposite. Thus, A, is to be 
connected with Ay, Co with C4; and Bo with B,. A); Ay, C): Cy, 
B)> and B are the leads. 


Ay; B,, and C. are to be used as phase beginnings. 


The Working Diagram for the foregoing example is shown in 
Fig.8-15 and the proper connection of the winding parts is given 
by Table 8-15. 


A practical example of a wave winding with spp = 5 546 is 
shown in Fig. 8-18a. This shows the lead or connection end of a 12- 
pole wave wound rotor with 210 slots. Fig. 8-18 is the Working 
Diagram. The rotor winding is connected single-circuit delta by 
using Table 8-18. 


8-7, Layout of a Winding with a Number of Slots Divisible 
by 3 and the Denominator of spp = 9. It follows from Table 8-24 


that in this case a = + 3. Furthermore, from Eqs. 8-1 and 8-2, 
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Winding pitch = D when a is positive 

Winding pitch = N - D when a is negative (8-13) 
a = + 3 means that the winding has the features of the balanced 
fractional-slot wave windings. (See Art. 7-4.) Thus, the nunm- 
ber of parts in each phase is equal to (No. of poles) x a}. The 
winding pitch depends upon the magnitude of D. Since Dis the 
difference between consecutive numbers in the horizontal rows of 
the D-series, the numbers which follow the winding-pitch series 
will be found in consecutive columns and not in the same column 
as is the case when d = 3 or d = 6. The winding has no abnormal- 
front pitches. 


In order to lay out the winding, the D-series is first set 
up according to the rules (a) to (c) of Art. 8-4. There will be 
S horizontal rows with N slots each, containing all slots of the 
winding. Then, from the D-series, the connection chart (winding- 
pitch series) is to be determined in the same way as for bal- 
anced fractional-slot wave windings (Art. 7-9), namely, as fol- 
lows: 

When a is positive, start with conductor 1 and find in 

consecutive columns N numbers which follow the winding- 

pitch series 

1, 1 + (winding pitch), 1 + 2 x (winding pitch), ...(8-14) 
This is the first horizontal row of the connection chart. Start 
now with the (1 + .N)th conductor which follows conductor 1 in 
the first column of the D-series and again find N numbers which 
follow the same winding-pitch series. This is then the second 
horizontal row of the connection chart. Continue in the same 
way with the third, fourth... conductor of the first column of 
the D-series until , horizontal rows, all following the winding- 
pitch series (Eq. 8-14), are obtained. The connection chart 
(winding-pitch series) determined in this manner represents upper 
conductors. The winding progresses clockwise. 


When a is negative, start with conductor 1 and find in con- 
secutive columns N numbers which follows the winding-pitch 
series 

1, 1+8S - (winding pitch), 

1 +S - 2 x (winding pitch), ... 
This is the first horizontal row of the connection chart. Start 
now with the (1 + N)th conductor which follows conductor 1 in 


(8-15) 
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the first column of the D-series and again find N numbers which 
follow the winding-pitch series (8-15), and so forth, until 
horizontal rows are obtained. The connection chart (winding- 
pitch series) determined in this manner represents lower con- 
ductors. The winding progresses counter-clockwise. 


With the connection chart determined, the next step is to 
assign in this chart the slots (or upper or lower conductors) to 
the 3 phases. Two cases are to be distinguished. 

(a) 


q = integer + 1/3 = I' + 1/3 


In this case, assign the following numbers of slots to the 3 
phases: 





A C B 
First horizontal row (N+ 2) (Nl) (N—_1) 
Second horizontal row (Wt) (N z 2) QW) (8-16) 
Third horizontal row (Nt) (N—_1) (+2) 


Repeat the same for each following 3 horizontal rows. 


Each group of 3 horizontal rows in the connection chart 
yields 3 winding parts for each phase. The winding parts due to 
the first 3 horizontal rows will be denoted by 

Al,-Al, C1,-Cl, Bl, -Blo 
The winding parts derived from the 4th, 5th, and 6th horizontal 


rows of the connection chart will be denoted by 
Al,-Al, Cl “Cl, Bl -Bl, 


3 3 
A2,-A2, C2,-C2, B2.,-B2, 


and so forth. The starts and ends of the winding parts are then 
as follows: 
a= +3 a= - 3 
Al, =1 Al, = 1 
Al 


1+¢S -I' x (winding 
pitch) - back pitch 


2 1+ I' x (winding Al, 
pitch) + back pitch 
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Cl, = Al, + front pitch Cl, = Al, - front pitch 
Cl = Cl, + (I' - 1) x Clo = Cl, +S - (I' - 1) x 
(winding pitch) + back (winding pitch) - back 
pitch pitch 
Bl, = Clo + front pitch Bl, = Clh - front pitch 
Bl, = Bl, + Clo - Cl, Blo = Bl, + Clo - Cl, 
A2, =1l+¢+vN A2, =1l+4+wN 
C2, = A2, + front pitch C2, = A2, - front pitch 
C2, = C2, + Aly - Al, (8-17) C2, = C2, + Al, - Al, (8-18) 
B2, = C25 + front pitch B2, = C2, - front pitch 
B2. = B2, + Clo - Cl, B2, = B2, + Cl, - Cl, 
A3, = 1+ 2N A3, = 1 + 2N 
C3, = A3_ + front pitch C3) = A35 - front pitch 
C35 = C3, + Clo - Cl, C35 = C3, + Clo - Cl, 
B3, = C35 + front pitch B3) = C35 - front pitch 
The starts and ends with the subscripts 3 and 4 are obtained 
from those with the subscripts 1 and 2 by adding 3N. Thus for 
example, 
Al. = Al, + 3N Al, = Aly + 3N aioe 
A2., = A2, + 3N A2, = A2, + 3N 


and so forth. This applies to positive as well as to negative 
a. If any of the quantities Alo, Cl,, Clo, etc., becomes larger 
than the number of slots S, this latter or a multiple of it is 
to be subtracted. If any of the quantities becomes negative, 
add S. When a = + 3, all starts (subscripts 1, 3, 5, ...) are 
upper conductors, and all ends (subscripts 2, 4, 6, ...) are 
lower conductors. When a = - 3, the opposite is true. 


(b) 


4 = integer + 2/3 = I' + 2/3 
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In this case assign in the connection chart (winding-pitch 


series) the following numbers of slots to the 3 phases: 


A C B 
First horizontal row (V+) (2) (N41) 


Second horizontal row (2) Wy) (N_+ 1) 


3 
Third horizontal row (N41) Wz) (2) 


Repeat the same for each following 3 horizontal rows. 


(8-20) 


As in the case (a),each 3 horizontal rows of the connection 
chart yield 3 winding parts for each phase. With the same nota- 
tions as under (a),the starts and ends of the winding parts are: 


a= +3 ase 

Al, =] Al, =] 

Alo => 1-I1' x (windin Aly =1+4+S8S -I' x (winding 
pitch) + back pitch pitch) - back pitch 

Cl) = Aly + front pitch Cl, = Al, - front pitch 

Clo = Cl, + (I' - 1) x Clo = Cl, +S - (I' - 1) x 
(winding pitch) + back (winding pitch) - back 
pitch pitch 

Bl, = Cl, + front pitch Bl, = Clo - front pitch 

A2, =l+¢+N A2, = 1+N 

C2, = A2, + front pitch C2, = Az, - front pitch 


2 7 (8-21) = _ 


B2, = C25 + front pitch B2, = C25 - front pitch 
B25 = B2, + Aly - Al, B25 = B2, + Alo - Al, 
A3, = 1 + 2N A3, = 1 + 2N 

A35 = A3, + Alo - Al, A385 = A3, + Al, - Al, 
C3, = A35 + front pitch C3, = A3_ - front pitch 
C35 = C3, + Al, “Al, C35 = C3, + Alo - Al, 
B3, = C35 + front pitch B3, = C3, - front pitch 
B3, = B3, + Clo - Cl, B35 = B3; + Clo - Cl, 
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The formulae given under (a) for a = +3 (Eq. 8-17) yield the 
same results. Checking B2,, for example: 
Alo = 1+6x 13 +6 = 85 
Cl, = 85 +7 = 92 
Cl, = 92 +5 x 13 + 6 - 114 = 49 
A2, = 1 +19 = 20 
A25 = 20 + 49 - 92 + 114 - 91 
C2, = 91 +7 = 98 
C2, = 98 + 85 - 1 - 114 = 68 
B2, = 68 +7 = 75 
B2, = 75 + 49 - 92 = 32 
B2, = 32 + 3 x 19 = 89 


In order to connect the 6 parts of each phase in series or 
parallel, the polarities of the starts must be known. They are 
given for phase A in Fig. 8-24. The same relation of polarities 
exists also for phases C and B. 


The parts Al, -Aly, A2,-A2,, and A3,-A3_ must be connected 
in series because they have different numbers of coils. Corres- 
ponding to Fig. 8-24, Al, must be connected with A2,, and A2, 
with A3)- Similarly, Al, must be connected with A2,, and A2, 
with A34. The Connection Table of this winding is Table 8-20, 
and the Working Diagram is Fig. 8-20. The fully developed Wind- 
ing Diagram is shown in Fig. 8-20a. 


¢ Al Al, | 
J A2) A2> t 
tT A3, A35 L 
J Aly Al, f 
T A23 A2, | 
1 A33 AS4 


Fig. 8-24. Polarities of starts and ends of the 
parts of phase A of an 18-pole winding in 114 
slots. spp =2 1/9, d=9, a = +3 
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For the series connection of the 6 parts of phase A, AZ, must 
be connected with A3,, leaving Al, and Al, as leads. An examina- 
tion of the winding-pitch series shows that 2 parallel circuits 
are possible, namely, the first 3 parts of each phase can be 
connected in parallel with the second 3 parts. This follows from 
the fact that corresponding conductors of these 2 groups with 3 
parts each lie in the same columns of the D-series. Consider, 
for example, phase C. The 2 parts having 7 conductors in each 
of the 2nd and 5th horizontal rows lie in pairs above each 
other in the D-series. The same is true of the 2 parts having 
6 conductors in each of the 3rd and 6th horizontal rows and also 
of the 2 parts having 6 conductors in each of the lst and the 4th 
horizontal rows. 


For parallel connection of the 2 groups with 3 parts each, 
connect Al, with A3,, and Al. with A35. 


Al,, Bl,, and Cl, can be used as phase beginnings. 


In the second example of Art. 5-4, the 18-pole winding in 
114 slots treated here as 4 wave winding has been laid out as an 
unbalanced lap winding. A comparison of the slots assigned to 
the 3 phases shows that both windings have the same unbalance. 


8-8, Layout of a Winding with a Number of Slots Not Divis- 
ible by 3. Since the winding pitch and the magnitude of D in 


the D-series depend upon the value of spp in all fractional-slot 
wave windings, the general features of the unbalanced wave wind- 
ings, with the number of slots not divisible by 3, are 
the same as those of the unbalanced wave windings with the mumber 
of slots divisible by 3. Thus, corresponding to Table 8-24 and 
Arts. 8-4 to 8-7, 


d=3 a=0 winding pitch = 2N 
d=6 a=Q winding pitch = N 
d=-9 a=++393 #£4.wwinding pitch = D 
qd-9 a-=-3 #£4winding pitch = N - D 


and this means that the connection chart (winding-pitch series) 
is to be determined from the D-series in the same manner as in 
Arts. 8-5 to 8-7. Due to the fact that the number of slots is 
not divisible by 3, the distribution of the coils among the 3 
phases is different from that given in Arts. 8-5 to 8-7 for un- 
balanced windings with a number of slots divisible by 3. There- 
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fore, the formulae for the starts and ends of the parts given 
there do not apply here. 


As in the case when S is divisible by 3, the winding is to 
be wound in coil series with abnormal-front pitches when a = O 
(see Arts.8-5 and 8-6); the winding has no abnormal-front pitches 
when a is different from 0. There are 2 parts in each phase, 
independent of the number of poles, when a = 0; there are 


[ (oof poles) x a| parts in each phase when a is not equal to 
0. 


The corresponding numbers of poles, slots, and spp are given 
in Table 5-4. Some coils must be left out in order to make the 
number of coils the same for all 3 phases. The magnitude of the 
unbalance and the possibility of parallel circuits depend upon 
the location of the slots from which coils are omitted. (see Art. 
5-5). For this reason, the unbalanced windings in which the 
number of slots is not divisible by 3 must be treated individu- 
ally. 


This will be explained by an example of an 8-pole winding 
in 64 slots. Table 5-4 yields for 8 poles and 64 slots spp = 
22/3= 8. Thus, N=8, d= 3, andn= 2. Table 8-24 shows 
that for 2 = 2/3, 62,44) = 4, and a= 0. The winding pitch is 
then 6x 2 + 4 = 16 = 2N, the back pitch = front pitch = 8, 
From Eq. 8-2 


p=SxBxPts.i P-0 


Applying rule (c) of Art. 8-4, the following D-series is ob- 
tained (see also Art. 7-5): 





A C 
1 2 4 5 8 
10 12 13 16 
17 18 20 3 21 24 
25 26 28 29 32 series 
33 634 36 38637 40 
41 42 44 45 48 
49 50 52.53 56 
57 8658 60 61 64 
There are 5 = 8 horizontal rows with N = 8 numbers in each 


row. The numbers of any horizontal row are obtained by adding 
N = 8 to the numbers of the foregoing horizontal row. 
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Since winding pitch = 2N, the numbers which follow the wind- 
ing pitch series | 

1, 1 + (winding pitch), 1+ 2x (winding pitch) ... 
will be found as alternate numbers of the vertical rows. 


In order to lay out the winding, connect upper conductor 1 
with lower conductor 1 + 8 = 9, and this latter conductor with 
upper conductor 9 + 8 = 17 which is’ the third conductor in the 
first column. Now connect 17 with lower conductor 17 + 8 = 25, 
finishing the second coil. Further, connect lower conductor 25 
with upper conductor 25 + 8 = 33 which is the fifth conductor of 
the first column, and so forth. As in the case 7 = integer 
(Art. 8-5), # = $4 - 4 coils constitute a coil series. After 4 
coils have been accomplished, increase the front pitch by 1 and 
connect the last lower conductor of the first coil series, i.e., 
conductor 49 + 8 = 57, with upper conductor 2 which starts the 
second coil series. Wind continuously until the first part of 
phase A is accomplished. 


Since S = 64, 3 winding parts will be made with 11 coils 
each and 3 with 10 coils each. One coil will be left out. Thus, 
the first part of phase A will be accomplished after 11 coils 
have been connected. This contains the coils with the upper 
conductors 1, 17, 33, 49, 2, 18, 34, 50, 3, 19, and 35. The 
first part of phase A ends with the lower conductor 35 + 8 = 43. 
One front pitch ahead of this latter conductor, i.e., with upper 
conductor 43 + 8 = 51, the first part of phase C starts and itis 
to be wound continuously in the same manner as the first part of 
phase A. The first part of phase B with 10 coils follows after 
the first part of phase C with 10 coils. Then the second parts 
of phases A, C, and B with 10, 11, and 1l coils respectively, 
follow. The connection chart (winding-pitch series) for all 3 
phases is then 


Al, 1 17 33 49 2 18 34 50 3 19 35 
Al, 9 25 41 57 10 26 42 58 11 27 
Cl, 51 4 20 36 52 5 21 37 53 6 22 
Cl, 43 59 12 28 44 60 13 29 45 61 @) 
Bl, 38 54 7 23 39 55 8 24 40 56 
Bl, 30 46 62 15 31 47 63 16 32 48 64 


y-series 
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Upper conductor 14 and the corresponding lower conductor 14 
+ 8 = 22 are left out. There are 13 long-front pitches before 
the upper conductors 2, 3, 4, 5, 6, 7, 8, 10, 11, 12, 13, 15, 
and 16. The distribution of the coils among the 3 phases is in- 
dicated in the D-series by broken lines. 


The error in the angle is -2° 9" for phase C and -1° 6' for 
phase B. The error in magnitude is 1%. The omitted coil is the 
last coil of the second wave of phase C. If coil 3 1s left out 
and the distribution among the phases made as shown below: 





1 2 @| 4 #5 8 
9 10 13 16 
17 18 21 24 
25 26 29 32 eer ee 
33 34 37 40 
41 42 45 48 
49 50 53 56 
57 58 159 61 64 
the connection chart (winding-pitch series) becomes: 
Al, 1 17 33 49 2 18 34 50 @ 19 35 
Al, 9 25 41 57 10 26 42 58 11 27 43 
Cl, #+%$5S1 4 20 36 52 5 21 37 53 6 22 y2eavier 


Cl, 59 12 28 44 60 13 29 45 61 14 


Bl, 38 S54 7 23 39 55 8 24 40 56 


Bl. 30 46 62 15 31 47 63 16 32 48 64 
The omitted coil, 3, lies in the first wave of phase A and is 
not the last coil of the wave. The error in the angle is now 
41° 5' for phase C and -1° 4" for phase B. The error in magni- 
tude is 0.5%. 


Parallel connection of the 2 parts of each phase is not 
possible because they have different numbers of coils. For 
series connection note that Al, and Al, (Cl, and Cl,, Bl, and 
Bl.) have opposite polarities. Thus, for series connection, 
connect Al, with Al,, Cl, with Cl,, and Blo with Bl,. Al), Al., 
Cl,, Cl., Bl, and Bl. are the leads. 


Al), Bl), and Cl, are to be used as phase beginnings, i.e., 
these 3 leads are to be connected to slip rings or to the line. 
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8-9. Magnitude of Unbalance, The same unbalance in the 
magnitude of the electromotive or magnetomotive forces as well 
as in the angles between them can be expected as for the unbal- 
anced lap winding (Art. 5-7) if the distribution of the slots 
among the phases is made in the same manner as for the unbalanced 
lap windings. The examples treated in the foregoing articles 
show that this is possible. The calculation of the magnitude of 
unbalance is explained in Appendix 4, 
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TABLE 8-19 


Connection Table for 96 Slots, 18 Poles, spp=1 7/9; (y=11; Yp75; Veu6; anes; d=9) 


REFERENCE WORKING DIAGRAM Fig. “ 
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spp = 1 7/9 


Fig. 8-19. Working Diagram for 96 slots, 18 poles, 
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TABLE 8-21 


Connection Table for 132 Slots, 18 Poles, spp=2 4/9; (y=15; Ypr7 ¥eu8; a=43; d=9) 
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2 4/9 


Fig. 8-21. Working Diagram for 132 slots, 18 poles, 
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CHAPTER 9 
TWO AND MORE SPEED POLYPHASE WINDINGS 


When it is desirable that a motor should run with two or 
more different speeds while connected to a source of power of 
constant frequency, special or several stator windings are to be 
used which permit a change in the number of poles (see Eq. 1-1). 
In order to avoid a larger number of slip rings,the rotor is, in 
these cases, normally of squirrel-cage type. Several cases are 
to be considered. 


9-1. Two speeds with the Ratio 2 to 1. When 2 synchronous 
speeds with the ratio 2:1 are desirable, the numbers of poles 


must have the ratio 1:2. For example, if the synchronous speeds 
1800 and 900 are necessary, the winding must be able to produce 
the pole numbers 4 and 8, or, if the synchronous speeds 600. and 
300 are necessary, the winding must be able to produce the pole 
numbers 10 and 20, and so forth. The pole ratio 1:2 can be ac- 
complished by a single winding (called consequent-pole winding). 


With respect to the smaller number of poles, i.e., with 
respect to the higher speed, this winding is a lap winding con- 


nected top-to-bottom by long jumpers (see Art. 3-3 and Fig. 
3-31). The N-poles and S-poles are separately connected together 
making 2 winding parts per phase, each of which contains (number 
of poles/2) pole-phase groups (see Eq. 1-4). The coil pitch of 
this winding is small; it must be as close as possible to half 
of the pole pitch. 


Double the number of poles is achieved by changing the cur- 
rent direction in one of the 2 parts of each phase by reconnect- 
ing the parts. The pole pitch becomes half of that of the wind- 
ing with the smaller number of poles. Since a pole-phase group 
covers 1/3 of a pole pitch of the latter or high-speed winding, 
it covers 2/3 of a pole pitch of the winding with the larger 
number of poles or slow-speed winding. Thus, there are 3 pole- 
phase groups in 2 poles for the larger number of poles (3-zone 
winding) and 6 pole-phase groups in 2 poles for the smaller nun- 
ber of poles (6-zone winding). Furthermore, the coil pitch is 
close to a full pole pitch of the winding with the larger number 
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of poles, because it is close to half the pole pitch of the 
winding with the smaller number of poles. 


Consider, for example, a 3-phase winding for 4 and 8 poles 
with 72 slots. The total number of pole-phase groups of this 
winding is 4 x 3 = 12. Each pole-phase group consists of 72/12 
= 6 single coils, and the coil pitch is as close as possible to 
(3 x 6)/2 = 9 slot pitches (1710). Fig. 9-1 shows the 12-pole 
phase groups and the phases to which they are assigned. Con- 
Sider phase A. Of the 4 pole-phase groups of this phase, l, 4, 
7 and 10, pole-phase groups 1 and 7 which lie under poles of the 
same polarity are connected in series and also the groups 4 and 
10 which lie under poles of opposite polarity are connected in 
series making 2 winding parts in each phase. Fig. 9-2a shows a 
2-parallel star connection of this winding which yields 4 poles, 
since the connection (Fig. 9-1) is entirely normal for a 4-pole 
winding (see Chapter 3). In phase A, the current has in the 
pole-phase groups 1 and 7, and 10 and 4 the direction from 1 to 
7 and 10 to 4, respectively. 





Fig. 9-1. Pole phase groups of a 4/8-pole winding. 
Top-to-bottom connection. Each phase has two wind- 
ing parts. Phase A only shown. 
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The larger number of poles, 8, can be achieved by connect- 
ing the 12 pole-phase groups in a single delta, as shown in Fig. 
9-2b. In comparison to Fig. 9-2a, the current is reversed in 
the pole-phase groups 4 and 10, 6 and 12, 2 and 8. This connec- 
tion will yield 8 poles. 


The double star-single delta connection used in Figs. 9-2a 
and 9-2b in order to change the number of poles is applicable to 
constant torque motors in which the torque is the same at both 
speeds, as it is, for example, when a motor drives an air com- 
pressor. The horsepower rating of such motors varies in propor- 
tion to speed, i.e., it has the ratio 2:1. For variable torque 
motors, i.e., for drives in which the torque decreases with de- 
creasing speed, the double star-single star connection is used, 
in order to change the numbers of poles. An example of such a 
drive is a ventilating fan for which the horsepower rating at 
the higher speed is about the third power of that at the lower 
speed. On the other hand, for constant horsepower motors in 
which the horsepower rating is the same at both speeds, the 
single delta-double star connection is used, in order to change 
the number of poles. An example of a drive of this kind is a 
drill press. 


The 3 kinds of connections applied to 2-speed motors with 
the speed ratio 2:1 are shown in the first row of Table 9-1 and 
in Figs. 9-4 to 9-19. It should be noted that in each of the 
connections, the numbers of stars or deltas can be doubled, 
tripled, and so forth. So for constant torque, for example, 4 
parallel stars-2 parallel deltas can be used instead of double 
star-single delta. Such a connection is shown in Fig. 9-19. 


Table 9-2 gives the numbers of the Connection Diagrams 
given in this chapter for the speed ratio 2:l. 


9-2. Two Speeds with a Ratio Different from 2 to l. When 
2 synchronous speeds with a ratio different from 2 to 1 are de- 


sirable, for example, with the ratio 2 to 3, 3 to 4, and so 
forth, 2 separate windings are to be used. Two normal 2 layer 
windings making a 4 layer winding are used for small motors, but 
for larger motors, 2 inter-laced windings arranged as per 
Fig. 9-3. are used. The coils indicated by A belong to one wind- 
ing; the coils indicated by B belong to the other winding. 
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4 pole connection. Lines connect to 
Ts Ts; Tg: Ty: To» Ty connect together. 


Fig. 9-2a. Schematic Diagram for the 4/8-pole winding 
of Fig. 9-1. 2Y connection for the high speed (4-poles). 


T3 





_— ‘Ts — 


8 pole connection. Lines connect to 
T) To; Tg. Tq) Ts; T¢ are open. 


Fig. 9-2b. Schematic Diagram for the 4/8-pole winding 
of Fig. 9-1. Single-delta connection for the low 
speed (8-poles). 
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The 2 coil sides in each slot belong to both windings, one to 
each. Only half of the coils are used at one time. The connec- 
tions of the 2 windings are made on opposite ends of the motor. 
The total number of slots is an even number. 


The coils of both windings must have approximately the same 
depth and exactly the same coil pitch. Since the top coil sides 
of the A-winding lie in the odd slots and those of the B-winding 
in the even slots, the coil pitch must be equal to an odd number 
of slot pitches in order that coil sides of both windings lie 
in each slot. The coil pitch is usually smaller than the pole 
pitch of the winding with the smaller number of poles and larger 
than the pole pitch of the winding with the larger number of 
poles. Two examples will be considered. 

(a) Speed ratio 3:2, i.e., pole ratio 2:3. Number of poles 

8 and 12, number of slots = 144. The pole pitch of the 
8-pole winding is equal to 144/8 = 18 slot pitches and 
that of the 12-pole winding to 144/12 = 12 slot pitches. 
A coil pitch of 13 slot pitches (1314) can be chosen 
yielding a coil width equal to (13/18) x 100 = 72.2% of 
the pole pitch of the 8-pole winding and to (13/12)x100 
= 108.2% of the pole pitch of the 12-pole winding. 

(b) Speed ratio 7:5, i.e., pole ratio 5:7. Number of poles 

10 and 14, number of slots = 168. The pole pitch of 
the 10-pole winding is equal to 168/10 = 16 4/5 slot 
pitches and that of the 14-pole winding to 168/14 = 12 
slot pitches. A coil pitch of 13 slot pitches (1-214) 
can be chosen yielding a coil width equal to (13/16.8)x 
100 = 77.4%o0f the pole pitch of the 10-pole winding and 
(13/12)x 100 = 108.2% of the pole pitch of the 14-pole 
winding. 

The inter-laced windings can be integral or fractional slot. 
Since only one of the two windings is connected to the lines at 
at one time,the winding not in use must be made inactive,i.e.,if 
connected series delta, the delta must be opened at one corner; 
if parallel connected (star or delta) the parallel paths of each 
phase must be opened. This is done to avoid harmful circulating 
currents. Hence, most two winding designs are series star or 
series delta connected; the delta, in all cases, must be opened 
when not in use. This is shown in the second row of Table 9-1. 
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Fig. 9-3. Arrangement of 2 interlaced 
windi for two speeds with ratio 
ifferent from 2 to l. 


9-3. Three Speeds, 2 of Which Have the Ratio 2 to 1. When 
3 synchronous speeds are desirable, 2 of which have the ratio 


2tol, 2 interlaced windings are to be used as_ described in 
Art. 9-2. However, the 2 to 1 speed ratio winding is to be made 
with the top-to-bottom connection between the pole-phase groups 
by means of long jumpers, as described in Art. 9-l, and the con- 
nection of the winding parts must correspond to the application 
constant horsepower, constant torque, or variable torque; the 
other winding can be made with normal connections (top-to-top or 
bottom-to-bottom). The remarks made in Art. 9-2 regarding cir- 
culating currents in 2-winding motors also apply here. The con- 
nections for this case are shown in the third row of Table 9-1. 
The most common pole combinations are 4/6/8, 6/8/12, 8/12/16, and 
12/16/24. 


9-4. Four Speeds with 2 Pairs Having the Ratio 2 to l. 


When 4 synchronous speeds are desirable with 2 pairs each of 
which has the ratio 2 tol, 2 different windings are to be used. 
There are 2 different ways in which this can be accomplished: 
(1) The windings of the kind described in Art. 9-1 are arranged 
in 4 layers, the upper 2 layers belonging to one winding and the 
lower 2 layers belonging to the other winding. (2) Two inter- 
laced windings of the kind described in Art. 9-2 are used, each 
winding is wound in alternate slots, and both are connected top- 
to-bottom by long jumpers. A typical pole combination is 6/8/ 
12/16. The connections of 4-speed windings for the different 
applications are shown in the fourth row of Table 9-1. 
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Fig. 9-4. Constant horsepower Connection 
Diagram for the pole ratio 4/8. 
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Fig. 9-5. Constant torque Connection 
Diagram for the pole ratio 4/8. 
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Fig. 9-6. Variable torque Connection 
Diagram for the pole ratio 4/8. 
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Fig. 9-7. Constant horsepower Connection 
Diagram for the pole ratio 6/12. 


974 





T S$ &E Rk T's 


Fig. 9-8. Constant torque Connection 
Diagram for the pole ratio 6/12. 
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Variable torque Connection 


or the pole ratio 6 
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9-10. Constant horsepower Connection 


Diagram for the pole ratio 8 


Fig. 
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Fig. 9-11. Constant torque Connection 
Diagram for the pole ratio 8/16. 
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Tz bli te Ts 


Fig. 9-12. Variable torque Connection 
Diagram for the pole ratio 8/16. 
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Ta Ts Ts Te Te Th 


Fig. 9-13. Constant horsepower Connection 
Diagram for the pole ratio 10/20. 
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Ts Ts Ts Ia Te Th 


Fig. 9-14. Constant torque Connection 
Diagram for the pole ratio 10/20. 
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Ts Te Te T, Ts | 


Fig. 9-15. Variable torque Connection 
Diagram for the pole ratio 10/20. 
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Constant horsepower on 


Diagram for the pole ratio 12 


Fig. 9-16. 
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Ts Ts Te Te Te Ti 


Constant torque Connection 
Diagram for the pole ratio 12/24. 


Fig. 9-17. 
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Fig. 9-18. Variable torque Connection 
Diagram for the pole ratio 12/24. 
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Fig. 9-19. Constant torque Connection 
Diagram for the pole ratio 4/8 with 
4 parallel star-2 parallel 
delta connections. 
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TABLE 9-1 


Table of Connection Schemes for Multi-Speed Squirrel Cage Induction Motors 


| 
| 
3 


VARIABLE TORQUB. INTERLACED WINDING 


TRREB-PRISE, TWO-SPEED, TWO-W1IDIIG 
OOUSTABT TORQUB. INTHRLACED WINDING 





N.Y. 


Courtesy of G.v. Seumann of the 
General Electric Company, Schenectady, 
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TABLE 9-2 


TABLE SHOWING THE NUMBERS OF CONNECTION DIAGRAMS GIVEN IN 
THIS CHAPTER FOR A SPEED RATIO OF 2:1. 


Constant Horsepower | 9-4 =| 9-7 | 9-10 | 9-13 | 9-16 | 
Constant Torque | 9-5 9-19 ) 9-8 | 9-11 | 9-14 | 9-17 | 


* 4-parallel star for 8 poles and 2-parallel delta for 4 poles. 
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CHAPTER 10 


RECONNECTING AN OLD POLYPHASE WINDING FOR 
NEW CONDITIONS AND REWINDING AN OLD CORE 


The points of importance for reconnecting an old winding or 
rewinding an old core are different depending upon whether the 
voltage, the frequency, the speed, or the number of phases is to 
be changed. 


10-1, Relation Between Voltage, Flux, Number of Turns, and 


Frequency. A magnetic flux and an armature with current-carry- 
ing conductors are the 2 indispensable parts of each electric 
machine. In the induction motor, the flux is produced by the 
stator winding and the rotor is the armature; in the synchronous 
machine, the flux is produced by the rotor winding and the 
stator is the armature. 


The magnitude of the flux is determined by the voltage of 
the stator winding, the number of turns in series per phase, and 
the line frequency. 

Voltage = Constant x Flux per pole x No. 

of turns in series per phase x Frequency 
The number of turns in series per phase is obtained from the 
number of turns in a single coil, the number of single coils in 
a pole-phase group, and the number of pole-phase groups in each 
circuit of the phase. The number of poles and the line frequency 
determine the speed of the machine (Eq. 1-1). | 


(10-1) 


In a finished machine, all these quantities are fixed. When 
reconnecting an old winding for new conditions, care must be 
taken that a change in one or more of these quantities is matched 
by a corresponding change in some of the other quantities in 
such a manner that Eq. 10-1 is always satisfied. For example, 
the voltage of a motor can be reduced to half of its original 
value, if twice as many parallel circuits as in the original 
winding can be made. This procedure is explained in detail in 
Art. 10-2. It is shown there that no single quantity can be 
changed at random. 


The torque of the electric machine is determined by the 
flux per pole, the number of poles, the number of conductors of 
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the armature, and the current in each armature conductor, i.e., 
Torque = Constant x Flux per pole x No. of 
poles x No. of armature conductors x Arma- (10-2) 
ture current. 
The torque is proportional to the square of the voltage because 
the current and the flux are each proportional to the voltage. 
According to Eq. 10-1, the torque is also proportional to the 


square of the flux. 


In the induction motor, the magnitude of the stator current 
depends upon the magnitude of the rotor current. The area of 
the conductor is determined by the magnitude of the current and 
the permissible current density. When changes are made in the 
machine, care must be taken that any increase in current density 
in the conductors is within admissible limits. 


In the same manner that the current and area of the con- 
ductor determine the current density in the conductor, the flux 
and cross sections of the iron determine the flux density in the 
iron. When changes are made in the machine, no appreciable 
changes in the flux density are permissible. 


The power output of a motor is given by the relation 


Hp = Jorque x_rpm (10-3) 


where torque is expressed in pound-feet, and the rpm is the 
actual speed of the motor which may be from 1% to 5% less than 
synchronous speed as given by Kq. 1-l. The larger percentage 
applies to small motors, and the smaller percentage to large 
motors. 


When the horsepower and speed are given, Eq. 10-3 can be 
used for determining the torque. 


10-2. Reconnecting for Another Voltage. If the new volt- 
age is to be higher than the old, attention must be paid first 


to the insulation of the winding. Manufacturers follow a certain 
Classification in the insulation of windings. The usual classi- 
fication is given in Tables 2-1 and 2-4. Between 110 and 600 
volts, the thickness and material of the insulation are deter- 
mined more by mechanical than by electrical reasons, and a wind- 
ing made for 110 volts can also be used for 600 volts. However, 
in the higher insulation classes, caution is necessary and it ig 
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in general, not permissible to use a lower insulation class for a 
higher insulation class. 


When a winding is reconnected for another voltage at the 
same frequency, the flux must be kept close to its original 
value, i.e., according to Eq. 10-1, the number of turns must be 
changed in the same ratio as the voltage is changed. 


The simplest way to adjust the number of turns of a 3-phase 
winding is to change a delta connection to a star connection, or 
vice versa. Reconnecting a winding from delta to star is equiva- 
lent to an increase of the number of turns per phase in the 
ratio 1.73 to 1, and vice versa; reconnecting a winding fron 
star to delta is equivalent to a decrease of the number of turns 
per phase in the ratio 1/1.73 = 0.58 to l. Therefore, a winding 
connected delta for 220 volts can be _ reconnected to star and 
used for 380 volts, for 380/220 = 1.73. Conversely, a winding 
connected star for 380 volts can be used for 220 volts delta. 
(380 volts as line voltage is not used in this country but it is 
used in Europe. ) 


When a winding connected star for 440 volts is reconnected 
to delta,the normal operating voltage would be 77° 254 volts. 
When operated at 220 volts, it is being operated at 220/254 = 
87% of its rated voltage and, correspondingly, the flux is 87% 
of its original value. This means that for the same torque (see 
Eq. 10-2) the current is 15% higher and the copper losses 32% 
(1.157 = 1.32) higher than in the original winding. Furthermore, 
the starting and pull-out torques are only (0.87) = 76% of the 
original values. It follows from this that a reduction in flux 
can be made only in motors which have sufficient margin to stand 
these reductions. If a winding connected delta for 220 volts is 
reconnected star for use on 440 volts, the flux becomes 16% too 
high; the normal voltage for the star connected winding would be 
1.73 x 220 = 380 volts, and 440/380 = 1.16. The higher flux 
causes higher flux densities in the iron and higher iron losses. 
On the other hand, the higher flux increases the starting and 
pull-out torques by 34% (1.162 = 1.34). It is, in general, safer 
to increase the flux than to reduce it except in cases with 
sufficient margin in torques and temperature rise of the copper. 


When a winding is reconnected for another voltage, use is 
made, in general, of changing the number of parallel circuits, 
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since the change from star to delta, or vice versa, seldom leads 
to desirable results. When necessary, the change in the number 
of parallel circuits and the change from star to delta, or vice 
versa, are applied simultaneously. A winding for 220 volts hav- 
ing 2 parallel circuits can be used for 440 volts without chang- 
ing its performance when the 2 circuits are reconnected in 
series. Conversely, a winding for 440 volts with all pole-phase 
groups in series can be used for 220 volts when 2 parallel cir- 
cuits are made. Caution must be exercised when the number of 
parallel circuits in fractional-slot windings is changed because 
of the limitations in the number of permissible parallel paths 
of the windings. (See Arts. 4-7 and 5-2.) 


If the series star connection of all pole-phase groups is 
shown as 100, the percentage voltage yielding the same flux for 
star with 2 to 5 parallel circuits and also for series and 
parallel delta is as follows: 


4 
Parallel 
Star 


Parallel 
Delta 


29 





A deviation from this table means a change in the flux with all 
the consequences discussed above. 


The series star connection has _ been chosen as a reference 
in the tabulation, i.e., 100% has been assigned to this connec- 
tion. Any other connection, for example, 2 parallel star, series 
delta, etc., can also be chosen as ae reference. Doing this, 
Table 10-1 is obtained. The use of this table will be explained 
by an example. A 3-phase, 12-pole motor wound for 2300 volts 
and connected 2-parallel star is to be reconnected for 440 volts. 
The new voltage is ay x 100 = 19.1% of the original. Taking 
the original voltage and connection as a reference, find first 
the horizontal line in which there is assigned 100% to 2 paral- 
lel star (this is the second horizontal line from the top). In 
this horizontal line find then the figure 19 under "6 parallel 
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delta." This means’ that reconnected in 6 parallel delta, the 
motor can be used for 440 volts. 


10-3. Reconnecting for Another Frequency. The most common 


changes of frequency are from 25 cycles to 60 cycles and vice 
versa, from 60 cycles to 50, and from 40 cycles to 60 or vice 
versa. According to Eq. 1-1, the speed will change in propor- 
tion to the frequency, if the number of poles remains the same. 
If the speed is to remain the same or nearly the same as before, 
the number of poles must be changed in the same ratio as the 
frequency is changed. For example, if the line frequency of a 
6-pole motor is oe (iz x25) 25 to 60 cycles, its synchronous 


speed will be $2 x (429-% 29) = 89/500) = 1200 rpm, and if its 


speed is to een nearly the same as before, i.e., nearly 500 
rpm, the number of poles must be changed either from 6 to 14, 
yielding +20,% 69 = 514 rpm, or from 6 to 16, yielding 1 o 
= 450 rpm. Thus, 2 possibilities are to be considered: (a) 
when the speed changes in proportion to the frequency, and, 
(b) when the speed remains the same or nearly the same as be- 


fore. 


(a) The speed changes in proportion to the frequency. When 


a motor previously connected to a line of low frequency, Say 25- 
cycle line, is to be connected to a line of higher frequency, 
say to a 40-cycle or 60-cycle line, a mechanical problem arises. 
Due to the higher speed at the higher frequency, the mechanical 
stresses on the rotor are higher than before. In these cases, 
the manufacturer of the motor is to be consulted in order to de- 
termine whether the rotor is able to stand the higher mechanical 
stresses. Also, it may be necessary to adjust the gearing or 
belting to the new conditions. 


Aside from the mechanical problem, two cases are possible: 
(1) it may be desirable that the torque is the same for both 
frequencies, or (2) that the horsepower is the same for both 
frequencies. In the first case, the horsepower changes in the 
same ratio as the speed (Eq. 10-3), and the flux must be the 
same for both frequencies (Eq. 10-2). In the second case, the 
torque changes inversely to the change in speed (Eq. 10-3), and 
the flux must change with the square root of the ratio of the 
frequencies. 
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Considering first the case of constant torque, i.e., of 
constant flux, it follows from Eq. 10-1 that the voltage must 
change in the same ratio as the frequency changes. This is sel- 
dom the case and a reconnection of the winding is usually neces- 
sary to achieve more or less constant flux. This will be ex- 
plained by several examples. 


Consider a 60-HP, 6-pole series delta-connected motor on a 
25-cycle, 220-volt line. This motor is to be used on a 60-cycle, 
440-volt line with approximately the same torque as before. The 
Synchronous speed at the 60-cycle line will be 1200 rpm. Since 
the frequency is $2 = 2.4 times the previous value, the voltage 
at 60 cycles should be 2.4 x 220 = 528 volts, in order that the 
flux and the torque remain the same as before. At 440 volts, the 
flux will be 440/528 = 0.83, i.e., 83% and, at the same current 
as before, the torque will be only aay? = 0.7., i.e., only 70% 
of the previous value. 


However, if the motor is reconnected 2-parallel star, cor- 
responding to a 25-cycle line voltage of v3 x 220 = 190 volts, 
the voltage at 60 cycles for constant flux must be 190 x $2 = 
456 volts and the motor can be used for constant torque on the 
60-cycle, 440-volt line. The power output on the 60-cycle line 
will be-2.4 x 60 = 144 BP. 


Assume that the 25-cycle, 220-volt motor considered in the 
previous example is to be connected to a 220-volt, 60-cycle line, 
i.e., both line voltages are equal. In this case, the winding 
can be reconnected 2-parallel delta, corresponding to a 25-cycle 
line voltage of 220/2 = 110 volts and to a 60-cycle line voltage 
of 110 x 2.4 = 264 volts. At 220 volts and 60 cycles, the flux 
will be (220) = 0.83, and the torque (0.83)? = 0.7 of the origi- 
nal values. The power output is 0.7 x 2.4 x 60 = 101 HP, Tak- 
ing into account the better ventilation due to the higher speed, 
a somewhat larger current, i.e., larger torque (Eq. 10-2), can 
be admitted, and the power output is then about twice the origi- 
nal value. 


Consider a 60-cycle, 220-volt motor which is to be connect- 
ed to a 25-cycle, 220-volt line. The voltage which corresponds 
to 25 cycles at constant flux is £3 220 = 91.5 volts. If the 
motor originally is connected 2-parallel star or 2-parallel 


995 


delta, a series connection of the 2-parallel circuit would cor- 
respond to 2 x 220 = 440 volts at 60 cycles, and the voltage at 
25 cycles and constant flux should be 60 440 = 183 volts. Since 
a higher flux density is permissible at 25 cycles than at 60 
cycles, such a motor will operate satisfactorily in many cases 
on a 220-volt line. 


A change from 50 to 60 cycles at the same voltage and ap- 
proximately constant flux can be achieved by reconnecting the 
original winding from a 6-zone winding to a 3-zone winding. This 
has the effect of changing the distribution factor from approxi- 
mately 0.957 to 0.83, which nearly compensates for the change 
from 50 to 60 cycles (See Appendix 5). 


Considering the second case when the horsepower rating is 
to be the same at both frequencies, the torque changes inversely 
to the ratio of the frequencies. Since the torque is propor- 
tional to the square of the flux, the latter must change inverse- 
ly to the square root of the ratio of the frequencies. Then ac- 
cording to Eq. 10-1 the voltage must also change in the ratio of 
the square root of the ratio of the frequencies. This will be 
explained by an example. 


Consider a 60-cycle, 220-volt motor which is’ to be con- 
nected to a SQ0-cycle, 220-volt line. The horsepower should be 
approximately the same at both frequencies. Then the torque at 
50 cycles must be (Eq. 10-3) 60/50 of the original torque and 
the flux must be (Art. 10-1) \ 60/50 = 1.1 of the original flux. If 
the flux would remain the same as before, the voltage at 50 
cycles should be 50/60 times the voltage at 60 cycles. Since 
the flux changes in the ratio \/ 60/50, the voltage at 50 cycles 
must be (Eq. 10-1) 50/60 x /60/50= \/50/60 = jj. It follows 
from this as arule that, for constant horsepower, the voltage 
must change with the square root of the ratio of the frequencies. 
Thus, for the motor considered, the voltage at 50 cycles should 
be 220 x mi: 200 volts. If the motor was directly connected 
to the SQ0-cycle, 220-volt line, the torque and power would be 
apparently too high. If the motor originally was connected 2- 
parallel star, a reconnection to delta would make the voltage, 
at 60 cycles, 220 x = 254 volts, and the corresponding volt- 
age at 50 cycles becomes 254 x rte 231 volts, which is closer 
to the line voltage of 220 volts than 200 volts. 
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When a 50-cycle motor is to be connected to a 60-cycle line, 
the voltage at 60 cycles, for the same horsepower at both fre- 
quencies, should be equal to the voltage at 50 cycles x \) 60/50. 
If the voltage at 50 cycles is 440 volts, the voltage at 60 
cycles should be 440 x 1.1 = 484 volts. If the motor is con- 
nected series delta, a reconnection to 2-parallel star will make 
the voltage at 50 cycles equal to 440 mh 380 volts, and at 
60 cycles equal to 380 x 1.1 = 418 volts. In this case, the 
motor can be connected to a 60-cycle, 440-volt line. 


(b) The speed remains the same at both frequencies. It has 
been explained above that this can be achieved only when the 
winding is reconnected for another number of poles. This kind 
of reconnection is treated in Art. 10-5. 





10-4. Effective Number of Turns. Distribution Factor and 
Pitch Factor. The number of turns per phase is an important 
factor in Eq. 10-1. As mentioned already, it depends upon the 
number of turns in a single coil, the magnitude of spp, the nun- 
ber of pole-phase groups in the phase (i.e., the number of 
poles), and the number of parallel circuits. However, not’ the 
real value of spp but its effective value is to be considered.. 
The latter is equal to the real value times the distribution 
factor which is always smaller than l. For example, a 3-phase 
winding with spp = 4 has a distribution factor equal to 0.958, 
and the effective number of spp is 4 x 0.958 = 3.83. With this 
quantity, the value of turns is to be calculated. 


The distribution factors of 3-phase and 2-phase windings 
for different values of spp are given in Fig. A5-l. Note that 
the 3-zone windings are used only for two or more speed motors 
(See Appendix 5). For fractional-slot windings, the same curves 
of Fig. A5-1 can be used, provided that the numerator N of spp 
is used in place of spp. For example, the distribution factor 
of a winding with spp = 2 1/2 = 5/2 is found in Fig. A5-1 as the 
value which corresponds to spp = 5. 


There is another factor which usually reduces the real nunm- 
ber of turns. This is the pitch or chord factor. This factor 
which also is smaller than one is caused by the chording of the 
winding. As mentioned previously (see Art. 1-8), the coil pitch 
is made approximately equal to the pole pitch, except in 
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2-pole machines where it is 55% to 65% of the pole pitch. When 
the coil pitch is smaller than the pole pitch, the turn is not 
able to embrace the total pole flux and is less effective than 
when the coil pitch is equal to the pole pitch. Consider, for 
example, a 3-phase winding with spp = 4, i.e., 12 slots per pole. 
When the coil pitch is equal to 12 slot pitches (throw 1 and 13), 
the pitch factor is equal to 1. When the coil pitch is equal to 
10 slot pitches (throw 1 and 11), the pitch factor is equal to 
0.965 and the real number of turns is reduced by 3.5%. When the 
coil pitch is larger than the pole pitch, the turn embraces the 
total flux of one pole and a part of the flux of the adjacent 
pole of different polarity. The total flux embraced by the turn 
is again smaller than that of a full-pitch winding and the pitch 
factor is to be taken into account. 


The values of the pitch factors for different ratios of 
coil width (coil span) to pole pitch (both measured in slot 
pitches) are given in Fig. A5-2. 


10-5. Reconnecting for Another Speed. The reconnection 
for another speed by changing the number of poles becomes neces- 


sary in two cases. The first case occurs when a motor designed 
for a certain frequency is to _ be connected to a line of a dif- 
ferent frequency and the speed of the motor is to be different 
from that which corresponds to the new line frequency. An ex- 
ample of this case is given in the beginning of Art. 10-3. The 
second case occurs when a motor designed for a certain line fre- 
quency and speed is to run on a line of the same frequency, but 
with a different speed. The latter case is the more important. 


When a motor designed for a certain speed is to operate at 
a considerably higher speed, the mechanical problem mentioned in 
Art. 10-3 arises and is to be solved in the manner explained 
there. 


A winding arranged for a_ certain number of poles has a 
fixed coil span corresponding to the pole pitch. When the number 
of poles is changed, the coil span remains the same but the pole 
pitch changes. The ratio of coil width to pole pitch and with 
it the chord factor of the reconnected winding are, therefore, 
different from those of the original winding. The chord factor 
determines the number of effective turns per phase (see Art. 
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10-4), and it may happen that the reconnected winding has a much 
smaller number of effective turns per phase than the original 
winding. 


Fux thermore, a motor designed for a certain number of poles 
has a fixed flux per pole and fixed flux densities in the air 
gap and in the iron. When the winding is reconnected for another 
number of poles, the flux density in the air gap will be left 
approximately the same, i.e., the flux will change approximately 
inversely to the change of the number of poles. For example, a 
4-pole motor reconnected for 8 poles will have a flux per pole 
which is approximately half of that of the 4-pole motor. 


The difference in the numbers of effective turns per phase 
and the difference in the magnitude of the flux per pole make 
it necessary to apply to the reconnected winding a voltage which 
is different from the original line voltage. Unless these dif- 
ferences can be matched by an additional reconnection of the 
motor winding, special taps on the transformer feeding the motor 
will be required. This will be explained by an example in which 
the horsepower developed at the different speeds also will be 
determined. 


Consider a 100-HP, 4-pole, 3-phase, 60-cycle motor connect- 
ed to a 220-volt line. The total number of slots is 48, i.e., 
spp = 4. The coil width is equal to 10 slot pitches making the 
ratio of coil width to pole pitch W/t = 10/12 = 0.833. This 
motor is to be reconnected for 6 poles. The speed will drop 
from 1750 to 1160. The number of slots per pole will be 48 = 8, 
and the ratio of coil width to pole pitch is W/t = 10/8 = 1,25. 
The chord factor of the original winding is 0.966 (see Fig. 
A5-2), and the chord factor of the reconnected winding is 0.924. 
The pole pitch of the reconnected winding is 4/6 = 2/3 of the 
original winding. Therefore, the flux of the reconnected wind- 
ing, for constant flux density in the air gap, is 2/3 of the 
original flux. Assuming the flux of the 4-pole machine to be l, 
then the product of flux times chord factor is 1 x 0.966 = 0.966 
for the 4-role winding and 2/3 x 0.924 = 0.616 for the 6-pole 
winding. The voltage at 4 poles is 220 volts. Therefore, the 
voltage at 6 poles for constant flux density must be (0.616/0. 966) 
x 220 = 140 volts. 
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The same procedure of calculation has been applied to a re- 
connection for 8 poles. The results are given in the following 
tabulation: 


Number of poles ......e6-. 4 6 8 
Speed (rpm) ....... + ce ee 1750 1160 860 
Coil width in slot pitches. ... 10 10 10 
Pole pitch in slot pitches. ... 12 8 6 
Ratio of coil width to pole pitch 0.833 1.25 1.667 
Chord: factors “6 xe... ec ce eS. OS 0.966 0.924 0.50 
Relative flux .......+e6-. 1 4/6 4/8 
Relative flux x chord factor. .. 0.966 0.616 0.25 
VOVUARC es 6s Se SS A EE eS 220 140 a7 


If the original 4-pole winding is connected delta, it can 
be reconnected star requiring 380 volts at 4 poles, 241 volts at 
6 poles, and 98 volts at 8 poles. The 6-pole winding may then 
operate satisfactorily at a 220-volt line. 


In general, it may be desirable to increase or decrease 
somewhat the voltage as obtained from the calculation. An in- 
crease may be necessary with respect to the starting torque or 
pull-out torque, when the winding is reconnected for a higher 
number of poles. A reduction of the voltage may be necessary, 
when the winding is _ reconnected for a lower number of poles, 
Since, otherwise, the flux density in the core may become too 
high (the depth of the core behind the teeth must increase with 
decreasing number of poles). 


Power output equals the product of the number of phases, 
volts per phase, current per phase, power factor, and efficien- 
cy. Reconnecting a winding without changing the connections be- 
tween phases and the number of parallel paths, the phase current 
is the same for all numbers of poles. The power factor and ef- 
ficiency decreases somewhat with increasing number of poles. 
Neglecting the change in power factor and efficiency, the power 
output will vary as the voltage and for the motor considered is: 

Number of poles .......e-. 4 6 8 
Horsepower. . . . « « « « «© «© « « 100 64 26 
The 8-pole reconnection is here impractical because of the 
small chord factor. A small chord factor not only reduces the 
power output but also distorts the flux distribution. As a re- 
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sult of this distortion, locking torques and noise may occur. 
Windings with achord factor smaller than 0.7 should not be used. 


The winding reconnected for 6poles has spp = 3 45 = 2 2/3. 


This gives a fractional-slot unbalanced winding. The coil group- 
ing of this winding is to be made in the manner explained in 
Chapter 5. The insulation between phases at the end windings or 
the heavier insulated phase coils must be shifted corresponding 
to the new coil grouping. 





When a winding is to be reconnected for a number of poles 
which is twice the original number of poles, sometimes use can 
be made of the top-to-bottom connection discussed in Chapter 9. 
Hence, for example, if the original winding is connected in 
parallel star, a reconnection in series star using long jumpers 
will double the number of poles and reduce the speed to half of 
the original value. Also, if the original winding is connected 
series delta, a reconnection in parallel star, using long jump- 
ers, will double the number of poles and reduce the speed to 
half of its original value. A winding arranged in 3 zones has 
a distribution factor equal to 0.83 while a normal or 6-zone 
winding has a distribution factor close to 0.96. The chord 
factor of the original will determine the chord factor of the 
reconnected 3-zone winding. The effective number of turns in 
each case will be a function of the respective chord and dis- 
tribution factors, and these factors must be carefully considered 
when reconnecting for different speeds. 


It has been mentioned in Chapter 9 that in the _ two-speed 
windings the coil width must be close to half of the pole pitch 
of the winding with the smaller number of poles, otherwise a 
distortion of the flux distribution occurs which may result in 
locking torques and noise. The same applies here when the top- 
to-bottom connection is used. For example, a 4-pole winding 
with a coil width close to half of its pole pitch should be used 
in the top-to-bottom connection for 8 poles, 


A well-designed motor has a proper "slot combination",i.e., 
its number of stator slots, number of rotor slots, and number of 
poles are matched in such a manner that no locking torques, no 
cusps and dips in the torque-speed curve, and no noise occur, 
If the original winding is reconnected for another number of 
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poles, the slot combination may no _ longer be the proper one. 
Note the rule that no considerable dips in the torque-speed 
curve will occur, if the ratio of coil width to pole pitch is 
about 0.83 and the rotor is skewed one stator slot pitch. 


10-6. Reconnecting for Another Number of Phases. The re- 
connection from 2 to 3 phases and vice versa is the only one of 
practical importance. 


Comparing a series connected 2-phase motor with a series 
star-connected 3-phase motor of the same output, speed, fre- 
quency, and line voltage, the 2-phase motor has approximately 
25% more turns than the 3-phase motor. Therefore, if a 2-phase 
series-connected winding is regrouped and reconnected in 3-phase 
star, the number of turns, for the same line voltage, will be 
about 25% too high, and the motor will show all the defects of a 
machine operating on 80% of normal voltage, i.e., the starting 
and pull-out torques will be considerably decreased and, for the 
same output as that of the 2-phase motor,the current and heating 
will be increased. Vice versa, if a 3-phase series star-con- 
nected motor is regrouped and reconnected in 2-phase series, the 
motor will show at the same line voltage all the defects of a 
machine operating on 125% of normal voltage, i.e., the flux and 
iron losses will increase so that the motor may overheat at a 
light load. If the 3-phase motor is originally connected delta 
instead of star, its number of turns is 1.73 times that at the 
star connection and, reconnected for 2-phase_ series, it will 
have, for the same line voltage, 1.73/1.25 = 1.38 times the re- 
quired number of turns. The motor will show then the signs of 
a machine operating at 72% of its normal voltage. 


Since the number of turns of the 2-phase motor for the 
same line voltage is larger than that of the star-connected 
3-phase motor, it is possible, when reconnecting from 2 to 3 
phases at the same line voltage, to adjust the number of turns 
for the 3 phases by cutting out and leaving dead about 20% of 
the turns. This does not apply in reverse, because, going from 
3-phase star to 2-phase, the number of turns would have to be 
increased by 25% and this is not possible. The method of cutting 
out turns for reconnecting from 2 to 3 phases will be explained 
by an example. Consider a 2-phase, 4-pole motor with 72 slots. 
The winding has 2 x 4 = 8 pole-phase groups with 72/8 = 9 single 


602 


coils in each pole-phase group. For 3 phases and the same nun- 
ber of poles, the number of pole-phase groups becomes 3 x 4 = 12 
and, if all coils were used, the number of single coils per 
pole-phase group would be 72/12 = 6. By making the number of 
single coils per pole-phase group of the 3-phase winding 5 in- 
stead of 6, i.e., cutting out every sixth coil around the 
machine, the number of turns is reduced in the ratio 5 to 6 
(83%), which is the right value. 


It should be noted that this method of reconnection from 2 
to 3 phases at the same line voltage is not too satisfactory. 
Since 1/6 of the coils is left dead, the amount of active copper 
is reduced by the same percentage and, therefore, the torque and 
output also will be similarly reduced. 


Another method for reconnecting a motor from 2 to 3 phases at 
the same line voltage is the "T" or Scott 2-phase to 3-phase 
connection. This connection, for the motor treated above, is 
shown in Fig. 10-1. It is necessary that the vertical leg of 
the "T" has 86.6% of the turns of the horizontal leg. For this 
reason,in each pole-phase group of the phase making the vertical 
leg one coil is cut out and left dead. As indicated in the 
figure, all pole-phase groups of the horizontal leg have 9 
single coils each while the pole-phase’ groups of the vertical 
leg have only 8 single coils each, yielding for the latter leg 





Fig. 10-1, Schematic Diagram showing the 
"tT" or Scott connection 
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8/9 = 0.89 of the turns of the horizontal leg. A deviation from 
the 86.6% for the vertical leg leads to useless circulating cur- 
rents which increase the heating. A reduction of these currents 
can be achieved, if the "top-to-bottom" connection (Art. 3-5) is 
applied to the 2 phases, In this case, in each phase, the coils 
of the same polarity follow each other as indicated by N and S 
in Fig. 10-1. 


In the foregoing, reconnecting from 2 to 3 phases and 
vice versa for the same line voltage has been considered. When 
the 2-phase line voltage and the 3-phase line voltage are not 
equal, use can be made of the change from star to delta and vice 
versa, and from the change of the number of parallel circuits, 
aS explained in Art. 10-2. 

Since the 2-phase series-connected winding has at the same 


voltage about 25% more turns than the 3-phase series star wind- 
ing, the permissible percentage voltages at the same flux are: 
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The 3-phase quantities are the same as in Table 10-1. The 2- 
phase quantities are based upon the statement made about the 
ratio of turns for 2- and 3-phase. The tabulation means that if 
a 3-phase series star-connected motor is reconnected 2-phase 
series, only 80% of the 3-phase voltage should be applied to the 
2-phase winding. If the 2-phase winding is connected in 2 paral- 
lel circuits, only 40% of the 3-phase voltage should be applied 
to it, and so forth. 


The 3-phase series star connection has been chosen as re- 
ference, i.e., 100% has been assigned to this connection. As 
explained in Art. 10-2, any other connection can be taken as 
reference. Doing this for each of them, Table 10-2 is obtained, 
the use of which will be explained by an example. 


604 


ox [wet [aor | ome | oon er [os [oct | oor | one | oer | oor | om | owe | 
got [wat we [or [oe [ae [oe fm |e wor | eer [ame wee | oe 


joe [se [ee | os | oo st jer | [oe | | |e | ow | eo | ser 


RE | ect | gst | 622 | ess || og | oot | €&T 002 | oor | ger | cut | tez | ore | 269 


rx [oefe [ow fe [a fe [oe [oe [oe [we [oe fo | on 


T°T I°T T°T TL 
ea ee ae Ee softies 
ee ee noccene 


VSUHA FOIA GNV ASVHd-£ OL ASVHd-2 WOW 
SNOILLOANNOO SNOLIYVA JO FOVLIOA FOVINGONTd ‘2-0 FIAVL 








605 


Biatiasalby Google 


A 2-phase, 440-volt, 8-pole motor connected in 4 parallel 
circuits is to be reconnected for 3 phases and a line voltage of 
550 volts. The 3-phase voltage must be 300 100 = 125% of the 


2-phase voltage. Taking the latter as reference, i.e., consid- 


ering the horizontal row in which there is assigned 100% to "2 
phases and 4 parallels", it is found that the figure 125 lies in 
the column marked "4 parallel star". This means that the 2-phase 
motor considered can be reconnected for 3 phases and connected 
to a 550 volt line. 


If the same 2-phase motor was connected in 2 parallel cir- 
cuits, the horizontal line which shows 100% under "2 phases 2 
parallels” (this is the fourth horizontal line from the botton 
of the Table) contains the figure 125 and the reconnection for 3 
phases and 550 volts would also be possible. 


10-7. Determination of Horsepower from Given Dimensions of 


a Motor. With fixed dimensions and speed of a machine, the out- 
put is also fixed. As has’ been mentioned in Art. 10-l, the 
torque of an electric machine is determined by the flux per pole, 
the number of poles, the number of armature conductors, and the 
current in the armature conductors. When the dimensions of a 
machine are fixed, only a certain flux per pole can be produced 
without exceeding the permissible flux densities, and only a 
certain number of armature conductors with a fixed current can 
be placed in the armature without exceeding the permissible cur- 
rent density. This and the speed fix the output of the machine. 


The following expression applies to polyphase induction 
motors: 


HP = Constant x D* x Lx rpm (10-4) 
where D is the diameter of the stator bore, and L is the 
axial length (core length, including radial vents) of the lamin- 
ated iron core parallel to the shaft, both in inches. For rpm, 
the synchronous speed is to be used. Approximate values for the 
constant which is called output constant are given in Fig. 10-2. 
This figure can be used when an old machine is to be rewound, 
for which the speed but not the output is Known. 


10-8. Rewinding an Old Core. If an old core is to be re- 
wound for the original conditions and the data of the original 


winding are available, the serviceman will do best to duplicate 
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Fig. 10-2. 
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Output constants for polyphase 
induction motors 
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the original winding. If an old core is to be rewound for the 
original conditions but for another voltage and the data of the 
original winding are available, it is easy to determine from Eq. 
10-1 the necessary number of turns per phase by changing the 
original number of turns proportional to the new voltage. The 
area of the conductor must also be changed, namely, proportional 
to the new current. If an old core is to be rewound for condi- 
tions other than the original, for example, another output, or 
another speed, or another frequency, etc., a redesign of the 
machine is necessary. The treatment of this matter is out of the 
scope of this book and the reader will find an answer to this 
problem in the reference number 9 of the Bibliography. 
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CHAPTER 11 
SINGLE-PHASE WINDINGS AND DIAGRAMS* 


ll-l1. Various Types of Single-phase Motors. There are 


various types of single-phase motors, namely: 
1. Split-phase motor. 


2. Resistance-start, split-phase motor. 
3. Reactor-start, split-phase motor. 
4. Capacitor-start motor. 

5S. Permanent-split capacitor motor. 
6. Two-value capacitor motor. 

7. Repulsion motor. 

8. Repulsion-start induction motor. 
9. Repulsion-induction motor. 

10. Universal motor. 
11. Shaded-pole motor. 
12. Split-phase reluctance motor. 

13. Capacitor-type reluctance motor. 
14. Capacitor-type hysteresis motor. 


15. Shaded pole hysteresis motor. 


The American Standards Association defines these motors as 
follows: 


1. Split-phase Motor. 


A split-phase motor is a eee induction motor 
equipped with an auxiliary winding, displaced in magnetic posi- 
tion from, and connected in parallel with, the main winding. 
(Note: Unless otherwise specified, the auxiliary circuit is as- 
sumed to be opened when the motor has attained a predetermined 
speed. The term "split-phase motor,” used without qualification, 
describes a motor to be used without impedance other than that 
offered by the motor windings themselves, other types being 
separately defined.) 


2. __Resistance-start, split-phase motor. 


A resistance-start motor is a form of split-phase motor 
having a resistance connected in series with the auxiliary wind- 


* This chapter gives the common connection and wiring diagrams 
of the single-phase motors. For more detailed information on 
single-phase motors, the reader is referred to C. G. Veinott's 
book, "Fractional Horsepower Electric Motors", published by the 
McGraw-Hill Book Company, New York. This book contains com- 
plete and well organized information about all types of single- 
phase motors. The author is indebted to Mr. C.G. Veinott for 
some useful suggestions. 
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ing. The auxiliary circuit is opened when the motor has attained 
a predetermined speed. 


3. Reactor-start, split-phase motor. 

A reactor-start motor is a form of split-phase motor de- 
signed for starting with a reactor in series with the main wind- 
ing. The reactor is short-circuited,or otherwise made ineffect- 
ive, and the auxiliary circuit is opened when the motor has at- 
tained a predetermined speed. 

A capacitor motor is a single-phase induction motor with a 
main winding arranged for direct connection to a source of power 
and an auxiliary winding connected in series with a capacitor. 
(Note: The capacitor may be connected into the circuit through a 
transformer and its value may be varied between starting and 
running.) 


4. Capacitor-start motor. 


A capacitor-start motor is a capacitor motor in which the 
capacitor phase is in the circuit only during the starting 
period. 


5S. Permanent-split capacitor motor. 


A permanent-split capacitor motor is a capacitor motor hav- 
ing the same value of capacitance for both starting and running 
conditions. 


6. Two-value capacitor motor. 

A 2-value capacitor motor is a capacitor motor using dif- 
ferent values of effective capacitance for the starting and run- 
ning conditions. 


7. Repulsion motor, 

A repulsion motor is a single-phase motor which has a 
stator winding arranged for connection to a source of power and 
a rotor winding connected to a commutator. Brushes on the com- 
mutator are short-circuited and are so placed that the magnetic 
axis of the rotor winding is inclined to the magnetic axis of 
the stator winding. This type of motor has a varying-speed 
characteristic. 


8. Repulsion-start induction motor. 


A repulsion-start induction motor is a single-phase motor 
having the same windings as a repulsion motor, but at a prede- 
termined speed the rotor winding is short-circuited or otherwise 
connected to give the equivalent of a squirrel-cage winding. 
This type of motor starts as a repulsion motor but operates as 
an induction motor with constant-speed characteristics. 


9. Repulsion-induction motor. 


A repulsion-induction motor is a form of repulsion motor 
which has a squirrel-cage winding in the rotor in addition to 
the repulsion motor winding. A motor of this type may have 
either a constant-speed or varying-speed characteristic. 


10. Universal motor. 


A universal motor is a series-wound ora compensated series- 
wound motor which may be operated either on direct current or 
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single-phase alternating current at approximately the same speed 
and output. These conditions must be met when the direct-current 
and alternating-current voltages are approximately the  wsame and 
the frequency of the alternating current is not greater than 60 
cycles per second. 


11. Shaded-pole motor. 


A shaded-pole motor is a single-phase induction motor pro- 
vided with an auxiliary short-circuited winding or windings dis- 
placed in magnetic position from the main winding. 


12. Split-phase reluctance motor, 


The ASA does not define this type motor, but does define 
the reluctance type motor. 
reluctance type motor is a synchronous motor 
Similar in construction to an induction motor in 
which the member carrying the secondary circuit 
has salient poles without direct-current excita- 
tion, It starts as an induction motor but operates 
normally at synchronous speed (ASA 10.10.305). 
From this definition, a split-phase reluctance motor may be 
described as a reluctance-type motor, the stator of which is 
exactly the same as in a split-phase induction motor, i.e., the 
stator has a main winding, an auxiliary winding and also a start- 
ing switch. 


13. Capacitor-type reluctance motor. 

From the ASA definition 10.10.305 given above, the capaci- 
tor-type reluctance motor is a reluctance type motor the stator 
of which may be wound in one of three ways discussed under defi- 
nitions 4, 5, and 6, above, that is, as capacitor-start, as 
permanent-split capacitor, or as 2-value capacitor. 


14, Capacitor-type hysteresis motor, 
The ASA definition for the hysteresis motor is: 

A hysteresis motor is a synchronous motor without 

salient poles and without direct-current excita- 

tion, which starts by virtue of the hysteresis 

losses induced in its hardened steel secondary 

member by the revolving field of the primary and 

operates normally at synchronous speed due to the 

retentivity of the secondary core (ASA 10.10.315). 
From this definition, a capacitor-type hysteresis motor may be 
described as a hysteresis-type motor with a stator winding which 
may be wound in one of the three ways described under 4, 5, and 
6 above, 


15. Shaded-pole hysteresis motor, 


From ASA definition 10.10.315 given above, a shaded-pole 
hysteresis motor may be defined as a hysteresis-type motor with 
stator windings the same as in the shaded-pole motor defined 
under ll above, 


As can be seen from the definitions, the first 4 types of 
single-phase motors have, besides the main winding, an auxiliary 
winding for starting which is cut out when the motor has obtained 
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a certain speed. The axes of both windings are displaced by 
half a pole pitch. 


The permanent-split (or single-value) capacitor motor and 
the 2-value capacitor motor use the auxiliary winding not only 
for starting but also for running. These motors behave as inm- 
perfect 2-phase motors. 


The rotor winding of the motor types 1 to6 is of the 
squirrel-cage type. 


The starting of the repulsicn-type motors 7 to 9 is accom- 
plished bya single stator winding with the aid of a d-c armature 
winding and a commutator in the rotor. While in the straight 
repulsion motor and in fhe repulsion-induction motor the commu- 
tator is used permanently, it is short-circuited at a certain 
speed in the repulsion-start induction motor. 


Stator and rotor windings of the universal motor are similar 
to those of the d-c series motor. The stator winding is either 
concentrated and placed on salient poles (non-compensated univer- 
sal motor) or distributed and placed in slots (compensated uni- 
versal motor). 


The stator windings of the shaded-pole motor are placed on 
salient poles. The short-circuited auxiliary winding consists 
of a single turn or coil placed around a portion of the main 
pole. The rotor winding is of the squirrel-cage type. The motor 
types 1 to 6, 8, and 11 are induction motors with constant-speed 
characteristics. 


The reluctance motor (types 12 and 13) is a synchronous 
motor, the rotor of which has salient poles without direct-cur- 
rent excitation. The stator is similar to that of the induction 
motor. 


The hysteresis motor (types 14 and 15) is a_ synchronous 
motor without saliént poles and without direct-current excita- 
tion. The rotor contains a hardened steel ring and starts by 
virtue of hysteresis losses. 


11-2, Stator Windings,. Three types of windings are used 
for the stators of single-phase motors of the types 1 to 9 and 
12 to 15. They are: 
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(a) Hand winding. 

(b) Mould winding. 

(c) Skein winding. 
The following rule applies to all windings. The magnetic polar- 
ity must alternate from pole to pole (see Art. 11-4b), and, 
thereforc , adjacent poles must be wound to give opposite polarity 
(exception see Art. l1l-6a), i.e., if one pole is wound ina 
clockwise direction, the adjacent pole must be wound in a 
counter-clockwise direction. 


(a) Hand winding. Consider Fig. 11-1 which shows the main 
winding of a 4-pole machine with 36 slots. It consists of 4 
identical coil groups each of which contains 3 single coils. 
The winder starts with a single wire and winds first the inner 
coil 3-7, placing in the slots one turn at a time. When the 
inner coil is finished, he progresses to the next coil placed in 
the adjacent slots 2-8 and so forth. The end of the coil group 
lies in slot 9. From here the winder carries the wire to slot 
16 and winds in the opposite direction all the turns of the coil 
16-12. § Then the coil 17-11 is wound and finally the last coil 
of this group, 18-10. The end of this group lies in slot 10. 
From here the winder carries the wire to slot 21 and so forth, 
All 4 coil groups are thus connected in series. For a parallel 
connection the winder stops after finishing coil 18-10 and starts 
coil 21-25 with a new wire. 


Winding guides arranged to cover the sharp edges of the 
slots have to be used in order te protect the wire insulation 
from being scraped or damaged. Also, rods are to be provided 
which, inserted in the slots, keep the end connections from cov- 





Vig. ll-l1. Main Winding of a 4-pole stator 
with 36 slots, Hand winding. 
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ering up the unwound slots and provide space for the coils to be 
wound later. 


(b) Mould winding. The concentric coils (see Fig. 1-6) are 
first wound on a mould and then placed into the slots by hand 
(Fig. 11-2). Using a stepped mould (Fig. 1-8), all the coils of 
a coil group can be made in succession with a single wire, Also 
it is possible to wind all the consecutive coil groups with a 
Single wire. The latter may consist of one or two parallel 
strands, Instead of a mould, wire finishing nails driven into 
the bench can be used, In order to determine the perimeter of 
the mould or around the finishing nails, a single wire is looped 
around the stator teeth (in the center of the slot) in the same 
position in which the finished coil lies. As for the hand wind- 
ing, guides to cover the sharp edges of the slots are necessary 
while feeding the wires into the slots. The end-extensions of 
the mould winding are usually somewhat larger than those of the 
hand winding. The single-phase mould winding also can be made 
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Fig. 11-2. Inserting a mould-formed winding 
into a 4-pole stator. 
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as a distributed winding with 
equal coils similar to the dis- 
tributed polyphase winding (Figs. 
2-4 and 2-5). Fig. 11-3 shows 
one pole of the concentric wind- 
ing shown in Fig. 11-1 wound in 
this way. The end-extensions 
and the weight of this winding 
are larger than those of the 
concentric mould winding. The 
mould winding is therefore pre- 
ferred, 

c)  Skein winding. The 
skein winding used often for 
auxiliary (starting) windings 
consists of as many skeins of 





Fig. 11-3. Distributed wind- 
ings for l-pole group of a 
4-pole stator with 36 slots. wire as there are poles (Fig. 


1-9). Each skein of wire is 


looped a number of times through the slots to form a pole, 


The number of loops may be different in the individual slot 
pairs. The total number of turns per pole is equal to the nunm- 
ber of turns in the skein times the number of loops. 


Fig. 11-4 shows the steps necessary to put the skein into 
the slots of one pole of a 4-pole machine with 36 slots (see 
Fig. 11-1). The skein is placed into the slots 3 and 7 (Fig. 
11-4a) a few wires at a time, Then the skein is pulled toward 
the winder, moving the end winding on the sides opposite to the 
leads close to the core. Care must be taken that the slot cells 
do not move together with the skein, otherwise the wire insula- 
tion may be scraped. In the next step, the skein is given half 
-a turn (Fig. 11-4b), and the entire skein is passed through the 
stator core, Then the wires of slot 3 are fed into slot 8, and 
those of slot 7 are fed into slot 2 (Fig. ll-4c). After the end 
windings have been pulled tight to the core, the skein is given 
again half a turn, but in a direction opposite to the first 
twist (Fig. 11-4d), and the entire skein is passed through the 
stator core. The wires of slot 8 are now fed into slot 1, those 
of slot 2 are fed into slot 9, and the coil group is ready for 
shaping (Fig. l1l-4e). 
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Fig. 11-4. Method of justalene a skein winding 
by passing the entire skein through the core. 
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Note that in handling the skein care must be taken to avoid 
twisting and kinking of the wires. The half twist of the skein 
before passing it through the bore should be alternated in direc- 
tion in order to avoid difficulty on the last part of the loop. 


The skein winding becomes somewhat difficult to handle 
if the wire is larger than No. 20 or 21 and the weight of the 
skein is more than 2 or 3 ounces, 


In order to determine the length of the skein, a single 
wire of No. 18 to 21 is looped in the slots (in their centers) 
in the same manner that the skein will be looped. Half of the 
total length of the wire is the approximate length of the skein. 
Now a trial skein can be made and wound in the slots. A correct 
length of the skein is important. 


A skein can be made either by using an adjustable skein 
reel or by driving 2 nails, the skein length apart, ina board 
and winding the wire around the nails. The start and finish 
leads must be at the same end of the skein. Before removing the 
skein (by pulling one of the nails), short pieces of tape should 
be wrapped around the wires, at intervals, to avoid tangling of 
the wires and to separate both sides of the skein, These pieces 
of tape are removed as the skein is placed in the slots. When 
the skein is long, 4 instead of 2 nails can be used; the 2 mid- 
dle nails prevent tangling of the wires. 


In the method of making a skein winding described above, it 
is necessary to pass the entire skein through the core of the 
stator as many times as there are single coils minus one. 
Another method makes it unnecessary to pass the entire skein 
through the core, The principle of this method is to pass one 
Side of the skein through the slots, by forming loops in it, 
until the last single coil is reached and then to use the other 
side of the skein for finishing the coil group. This is explain- 
ed in Fig. 11-5 which shows one pole group, as in Fig. 11-4. In 
using this method, the lead end of the skein must be put in 
first and the leads should be made long enough so that they can 
be brought back to the front of the core through the last slots 
(1 and 9). In Fig. 11-5a a loop is made with the right-hand leg 
of the skein, passed into the stator core, and fed into the 
slots 2 and 8 (Fig. 11-5b). Then, since the last single coil is 
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Fig. 11-5. Method of installing a skein winding by 
passing one side of the skein through the core. 
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reached, the strands of the third coil are pulled over and fed 
into slot 9 and the rest of the coil fed into slot 1 (Fig. 
11-5c). In general, the loops are all made by the same leg of 
the skein, 


In Fig. 11-4 the number of loops is the same in all slots. 
The Distribution Chart (see Art. 11-4) of the main winding, cor- 
responding to Fig. 11-4, is shown in Fig. 11-6. 


The numbers in the squares indicate the number of times the 
loop passes through the slot. Another Distribution Chart for a 
Similar 4-pole machine with 36 slots is shown in Fig. 11-7.. In 
this case the skein of the main winding passes through most of 
the slots twice. The skein winding normally has as many coil 
groups as there are poles, The 4-pole winding shown in Fig. 
11-1, which can be hand or mould wound, also has as many coil 
groups as there are poles (4). However, this latter winding can 
be wound with half as many coil groups. This is shown in Fig. 
11-8. This 4-pole winding has only 2 coil groups. The essential 
part of a winding is the parts of the conductors which lie in the 
slots and not the end connections. It is important only that 
end connections do not connect conductors of the same polarity. 
Consider Fig. ll-l. The direction of the currents, if assumed 
arbitrarily for one of the 4 poles, is fixed for the other poles 
since it must alternate. Comparing Fig. 11-1 with Fig. 11-8, it 
is seen that in both cases the end connections connect only con- 
ductors of different polarities and both windings are therefore 
equivalent. The Distribution Chart corresponding to Fig. 11-8 
is shown in Fig. 11-9. 


The arrangement shown by Fig. 11-1 with as many coil groups 
as there are poles is the normal one. The arrangement shown by 
Fig. 11-8 with half as many coil groups as there are poles is 
used in 2-speed motors (see Art. 11-6). In general, this type of 
winding is seldom used. 


Apparently, end-connection arrangements other than those 
shown in Fig. 1l-l and 11-8 are possible without reducing the 
effectiveness of the winding. In Fig. ll-1, there are 4 coil 
groups with 3 single coils each; in Fig. 11-8 there are 2 coil 
groups with 6 single coils each, It is possible to make 2 coil 
groups with 4 single coils each and 2 coil groups with 2 single 
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coils each, Such windings with unequal coil groups are also 
used sometimes. 


11-3, Insulation of the Wire and the Slots of the Stator. 
Single-cotton-covered enamel wire as well as plain enamel wire 
is used for the wire insulation of small single-phase motors. 
Where the space permits, the first type of insulation is prefer- 
able. 


Up to 250 volts, a U-shaped rag-paper or fishpaper cell 
approximately 0.015 inches in thickness is used for slot (ground) 
insulation. The cell should be 1/4 to 3/8 inch longer than the 
width of the core, It should be cut so that the grain of the 
paper is parallel to the slot in order that it does not crack at 
the corners. The width of the cell must fit the contour of the 
slot; the cell should be neither too long and cover up a part of 
the slot opening, nor too short and make it possible for the 
wire to go between the cell and the tooth. After the slot has 
been completely wound, the edges of the slot cell are folded 
over each other and a wooden or fiber wedge is placed above the 
cell, The wedge should be 1/4 inch longer than the core. Fiber 
wedges can be cut from fiber sheet, approximately 1/16 inch 
thick, 


A slot cell of higher mechanical strength is obtained when 
a fishpaper cell 0.007 inch thick is combined with a 0.007-inch 
treated-cloth cell, The fishpaper cell is put next to the iron. 
If the treated-cloth cell is made longer than the fishpaper cell 
so that it extends approximately 1/2 inch out through the slot 
opening, special guides to cover the sharp edges of the slots 
become unnecessary. 


The combination cell of 0.007-inch fishpaper and 0.007-inch 
treated-cloth can also be used for voltages above 250 volts. 
However, in this case both cells must be cut to the same size as 
the plain rag-paper or fishpaper cell. 


When the slot contains a main-winding coil and a starting- 
winding coil, both coil sides should be insulated from each 
other. For this purpose a thin strip of sheet fiber or fish- 
paper can be placed on the top of the first coil. When the com- 
bined cell is used, and the fishpaper cell is not attached to 
the treated-cloth cell, the latter can be used to give the in- 
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sulation between the coil sides. It is to be cut off even with 
the slot opening and folded in the slot over the bottom coil. 
For the top coil side, an additional treated-cloth cell is to be 
put into the slot. After the top coil is wound, this cell is 
cut off even with the slot opening and folded. Then the fish- 
paper cell is folded and the wedge put into the slot. 


The coil ends of the main and the auxiliary winding should 
be insulated from each other. For this purpose the coil ends of 
the auxiliary winding should be raised by a coil lifter and 
pieces of treated-cloth or rag-paper placed between the coil 
ends. 


In a 2-pole motor, the depth of the core below the slots is 
greater than in a 4-pole or 6-pole motor of the same outside 
diameter, and therefore the coil ends are to be formed farther 
back than in the 4-pole or 6-pole motor, For this reason, it is 
safer to have fiber end-punchings on both ends of 2-pole stator 
cores. If in rewinding, the original end-punchings cannot be 
used, washers can be made from 1/32 to 1/16-inch fiber sheet and 
attached to the core ends by shellac or glue. 


The coil ends after being formed to shape should be tied 
down solidly with tape or twine. 


The stator with the complete winding should be dipped in 
insulating varnish and then baked from 4 to 12 hours at 200° to 
250° F. If plain enameled wire is used, it is desirable to dip 
and bake the windings twice. When an oven for baking is not 
available, electric power can be used for this purpose. The 
main winding is connected to a low-voltage line so as to limit 
the current to a safe value and baked at a_ temperature of ap- 
proximately 225° F. for 6 to 14 hours, depending on the size of 
the motor. 

11-4, Different Types of Stator Diagrams. Several connec- 
tion diagrams are necessary to give complete information about a 
winding. These diagrams are: 


(a) The Distribution Chart, This gives the number of con- 


ductors in each slot for all windings, the number of coil sides 
in each slot, the size and insulation of the conductors, and the 
number of parallel strands per conductor. Figs. 11-6 and 11-7 
are incomplete Distribution Charts. A complete Distribution 
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Chart of a 1/2-HP, 4-pole, capacitor-start motor for 60 cycles, 
115/230 volts, with mould windings in 36 slots, is shown in Fig. 
11-10. From this Distribution Chart one can see the following: 


The main winding consists of 2 parts (to be connected in 
series for 230 volts or in parallel for 115 volts). Since the 
machine has 4 poles, each part of the winding consists of 4 pole 
groups. Each pole group has 3 coils. (The dots under the slot 
numbers indicate that for the particular winding the slots are 
empty, i.e., that this particular winding has no conductors in 
these slots.) The coil spans are indicated by a horizontal line 
with slant dashes. The coils with the smallest span lie in the 
slots 3-7, 12-16, and so forth, and have 12 conductors: the next 
wider coils lie in slots 2-8, 11-17, and so forth, and have 21 
conductors, the coils with the largest span lie in the slots 
1-9, 10-18, and so forth, and have 21] conductors. All conductors 
have one strand, Both parts of the main winding have size 16 
wire. The insulation of the wires is single-cotton-covered 
enamel, 


The starting winding also consists of 4 identical pole 
groups, each pole group having 3 coils with 24 conductors. The 
coils with the smallest span lie in the slots 7-12, 16-21, and 
so forth; the next wider coils lie in the slots 6-13, 15-22, and 
so forth; the coils with the largest span lie in the slots 5-14, 
14-23, and so forth. The conductor of the starting winding con- 
sists of one strand of size 20 wire. The wire insulation is the 
same as for the main winding. 


In skein windings, the number of slanting dashes pointing 
to a slot from the slot span line represents the number of times 
the skein goes through the particular slot (see Figs. 11-6 and 
11-7). 


The axes of the coils of the main winding (Fig. 11-10) go 
throuth slots 5, 14, 23, and 32. The axes of the coils of the 
starting winding go through the centers of the teeth between 
slots 9-10, 18-19, 27-28, and 36-1. The distance between the 
axes of both windings is 4.5 slot pitches. Since there are 9 
slots per pole, the distance between the axes of both windings 
is equal to half a pole pitch, as it should be. 
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b) Common Connection Diagrams. The Distribution Chart 
shows how to form the pole groups; the Connection Diagram shows 
how the pole groups must be connected in order to form both the 
main and auxiliary windings, respectively. Consider, for ex- 
ample, Fig. 11-13 which shows the Connection Diagram of a 4-pole 
winding with both windings in series, Each pole group is repre- 
sented by an arc, Therefore, both windings are represented by 
4 arcs each, In this Figure, as in all Connection Diagrams of 
this chapter, the outer winding is the main winding, the inner 
one the auxiliary winding. Following the rule that the magnetic 
polarity of a winding should alternate from pole to pole around 
the circumference, the end of the first pole group, (1) is con- 
nected with the end of the next following pole group, (2); the 
beginning of this pole group is connected with the beginning of 
the following pole group, (3), and so forth. This applies to 
both windings. In each winding, all 4 pole groups are connected 
in series, Corresponding to the Nema Standards as well as those 
of the American Standards Association, the terminals of the main 
winding are marked by Ty and Tg; those of the starting winding 
by Ts and Tg. The starting switch is placed in the lead Ts of 
the starting winding. 


The terminal markings according to the old Nema Standards 
as well as those of the American Standards Association were T) 
and Ts; for the main winding and Tg and Ty for the auxiliary or 
starting winding. The new markings are used throughout the chap- 
ter except in those cases where no new standards have been de- 
fined. In these cases (Figs. 11-33, 11-34, 11-37, 11-38, and 
11-39) the old markings have been retained. The connection of 
the pole groups shown in the center of the Connection Diagrams 
refers to the main winding only. 


In Fig. 11-14 which also shows the Connection Diagram of a 
4-pole winding, the main winding is connected in parallel, the 
auxiliary winding in series. The auxiliary winding is, there- 
fore, exactly the same as in Fig. 11-13. In the main winding, 
pole group 1 is connected in series with pole group 2, pole 
group 3 is connected in series with pole group 4, and both cir- 
cuits are connected in parallel having common leads Ty and Ty, 


Note that there is a cross-connection (equalizing connection) 


between the middle points of both parallel circuits, and that 
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diametrically opposite poles (1 and 3, 2 and 4) are connected in 
parallel, The purpose of this kind of connection is to equalize 
the flux in opposing poles and thus to reduce any unbalanced 
magnetic pull which may cause vibration and noise. 


When both windings are connected in parallel, the auxiliary 
winding must be connected in the same manner as the main winding. 
Figs. 11-11 to 11-24 given at the end of the chapter show common 
Connection Diagrams. Guided by these, the repairman will be 
able to readily draw similar diagrams. 


Where parallel connections of a winding have been made, 
diametrically opposite poles have been connected in parallel by 
cross-connections, 


Fig. 11-25a shows another kind of parallel connection on a 
6-pole winding, as an example. In this case, 3 adjacent pole 
groups (1, 2, 3, and 6, 5, 4) are connected in series and both 
circuits are connected in parallel without equalizing connec- 
tions. 


Another way of paralleling a winding is shown in Fig. 11-25b, 
again on a 6-pole winding, as an example. The winding consists 
of 2 sections, one of which contains all the pole groups of one 
magnetic polarity connected in series; while the other contains 
all the pole groups of the opposite magnetic polarity, also con- 
nected in series, 


Compare Fig. 11-16 with Fig. 11-25b or Fig. 11-26, the lat- 
ter of which represents a Connection Diagram for a 6-pole wind- 
ing connected in series. In the first case adjacent poles are 
directly connected in series. In the second case alternate poles 
are connected with each other. Following the rule that alternate 
poles must have same polarity, the end of the first pole group 
is connected with the beginning of the third pole group and so 
forth. The first kind of connection (Fig. 11-16) is the usual 
one and is called the short-throw connection; the second kind is 
called the long-throw connection. 


The windings of Fig. 11-25a and 11-25b can be arranged for 
dual-voltage operation if each winding part is brought out to 
terminals as shown in Fig. 11-25c and 11-25d respectively. Most 
dual-voltage motors of split-phase or repulsion types are con- 
nected according to Fig. 11-25d. For dual-voltage operation, 
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TO 
STARTING SWITCH 


Fig. 11-26. Connection Diagram for 6 poles, both 
windings connected in series. Main winding con- 
nected by long throw connection. 


the winding parts are to be connected as per line Connection 
Diagram Fig. 11-32b. (See also Art. 11-5.) 


The resistance-start motor has a resistance in series with 
the starting switch, The capacitor-start motor has a capacitor 
in series with the starting switch. In the permanent-split 
capacitor motor no starting switch is used and the switch leads 
are connected to the capacitor. 


The Connection Diagrams Figs. 11-11 to 11-24 have 4 leads, 
as is necessary for reversible motors, If only one definite 
direction of rotation is needed, the 4 leads Ty; Ty, Ts and Tg 
can be connected by pairs inside of the machine and only 2 leads 
brought out. It is shown below (See Fig. 11-28) that for counter- 
clockwise rotation T, is to be connected with Ts; and Ty with 
Tg; while for clockwise rotation Ty is to be connected with Tg» 
and Ty with Ts. 
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Fig. 11-27. Wiring Diagram of a plain reversible split 
phase motor with 4 leads. 
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Fig. 11-28. Line-connection Diagram to Fig. 11-27 
with connections for cw and ccw rotation. 
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(c) Wiring Diagram and Line-connection Diagram, The Wiring 
Diagram shows the internal connections of all _ windings to one 


another and also the connections of the windings to auxiliary 
devices such as a starting switch, resistor, reactor, capacitor, 
or thermal protective device. If no leads other than those 
shown in the Connection Diagram are necessary, a Wiring Diagram 
is superfluous, 


The Line-connection Diagram shows the connections of the 
motor leads to the line. If there are only 2 line leads, a Line- 
connection Diagram is not needed, 


Figs. 11-27 to 11-32 show common Wiring and Line-connection 
Diagrams for the different kinds of motors. 


Fig. 11-27 is the Wiring Diagram of a plain reversible 
split-phase motor, The Line-connection Diagram, Fig. 11-28, 
shows the connection to the line for counter-clockwise rotation 
as well as for clockwise rotation. The Standards (ASA and Nema) 
specify the direction of rotation when looking at the machine 
from the front end which is defined as the end opposite the shaft 
extension, The direction of rotation given in Fig. 11-28 is 
true only if the leads are tagged in accordance with the Connec- 
tion Diagrams, Figs. 11-11 to 11-24, and if the direction of 
rotation is specified from the connection end which is usually 
the front end of the motor. If the connections are made on the 
shaft-extension end of the motor, tags T} and vr are to be inter- 
changed in the Connection Diagram, in order that the direction 
of rotation will agree with Fig. 11-28 and the Standards. It 
will be explained later (See Art. 11-8) how to determine’ the 
direction of rotation by test or by inspection of the stator 
connection diagram, 


In the Wiring Diagram of the reactor-start, split-phase 
motor, Fig. 11-29, the starting switch opens the starting wind- 
ing and at the same time eliminates the reactor in the main 
winding circuit. 


Fig. 11-30 shows the Wiring Diagram for the reversible 
capacitor-start motor. The capacitor can be built into or 
mounted on the motor. The Line-connection Diagram is given in 


Fig. 11-28. The swing connection makes it possible to build an 
externally reversible capacitor-start motor with 3 line leads 
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Fig. 11-29. Wiring Diagram of a non-reversible, 
reactor-start, split-phase motor with 2 leads. 
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Fig. 11-30. Wiring Diagram of a reversible, capacitor- 
start motor with 4 leads. 
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instead of 4. For this purpose the main winding is arranged in 
2 sections, in the way explained in the next article, and both 
sections are connected in series. One end of the auxiliary 
winding is connected to the mid-point of the main winding, the 
other end to the end-point of one or the other section, depend- 
ing on the direction of rotation. The swing connection is used 
mainly for 230 volts. 


The Wiring Diagrams, Figs. 11-3la and 11-3lb, refer to the 
2-value capacitor motor with 2 values of capacitance, one for 
starting, the other for running. The change in the value of 
capacitance is automatic and is effected either by an auto-trans- 
former (Fig. 11-3la) or by 2 separate capacitors (Fig. 11-31b). 
The Line-connection Diagram is given in Fig. 11-28. 


The Wiring and Line-connection Diagrams of the permanent- 
split (single-value) capacitor motor are identical with those of 
the capacitor-start motor (Fig. 11-30) except that the starting 
switch is omitted. 


11-5. Dual-voltage Motors. In ofder that a motor be able 
to operate at 2 different voltages, for example at 230 and 115 
volts, at least its main winding must consist of 2 sections. For 
the higher voltage (230 volts) both sections are connected in 
series; for the lower voltage (115 volts) they are connected in 
parallel, 


Two different ways of making 2 winding sections were shown 
above in Figs. 11-25c and 11-25d. In Fig. 11-25d all pole groups 
of the same magnetic polarity are connected in series so that 
each section contains alternate pole groups. There are 2 more 
ways to produce 2 winding sections. One of them is to wind sec- 
tion lin the bottom of the slots, one pole group for every pole, 
just as anormal series winding is wound. Then section 2 is 
wound above section 1, in the same way and with the same number 
of turns. With the auxiliary winding above the second section, 
this results in a 3-layer winding. The second way is to wind 2 
conductors in parallel from 2 spools of wire, one for each wind- 
ing section, When the motor is operated at the higher voltage 
(230 volts), half or even more than half of this voltage will be 
between adjacent strands. Well-insulated wire is to be used in 
this case, 
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Fig. 1l-3la. Wiring Diagram of a reversible, 2-value 
capacitor motor with transformer unit. 
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Fig. 11-3lb. Wiring Diagram of.a reversible, 2-value 
capacitor motor with 2 capacitors. 
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Fig. 11-32a. Wiring Diagram of a non-reversible 
dual-voltage, split-phase motor. 
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Fig. 11-32b. Line-connection Diagram to Fig. 11-32a. 


636 


Most dual-voltage split-phase motors are connected either 
according to Fig. 11-25d or as the 3-layer arrangement. In dual- 
voltage capacitor motors (of all types), the 3-layer arrangement 
or the 2 parallel wires are mostly used. In dual-voltage re- 
pulsion motors, the connection according to Fig. 11-25d is the 
more common. 


Figs. 11-32a and 11-32b show the Wiring and Line-connection 
Diagrams of a dual-voltage, split-phase motor. The main winding 
is connected according to Fig. 11-25d, namely in series for 230 
volts and in parallel for 115 volts. The starting winding is 
connected directly to the line. When the motor is operated at 
the lower voltage (115 volts), the starting torque is only about 
half as large as that at the higher voltage, This arrangement 
is therefore used when the motor is of the clutch type or where 
it drives a fan or blower. 


The starting winding can also be connected in parallel to 
one section of the main winding. In this case, the starting 
torque is the same at both voltages, and the 3-layer arrangement 
of the main winding is preferred. 


Non-reversible, dual-voltage capacitor motors usually have 
the starting winding parallel to one section of the main winding 
and the main winding is either of the 3-layer or 2-parallel wire 
type. 

11-6. Two-speed Motors. Three different methods can be 
used to change the speed of a single-phase motor. One consists 
of arranging in the stator 2 complete sets of windings, each for 
a different number of poles. According to Eq. l-l, 2 different 
speeds are then obtained for the same line frequency, The other 
2 methods consist of changing the line voltage or in changing 
the number of turns of the main winding by tapping it. 


The 2-winding-set method is mostly used in split-phase and 
capacitor-start motors; the voltage change and tapped-winding 
methods are mostly used in permanent-split capacitor motors. The 
tapped-winding is seldom used. 

(a) Two-speed motors with 2 winding sets. The arrangement 
of the 2-winding sets, i.e., of the 2 main windings and 2 auxil- 
iary windings requires considerable space. In order to facili- 
tate winding, the so-called consequent-pole connection is often 
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used for the auxiliary or low-speed windings (See Art. 11-2). 
This connection has fewer coil groups than there are poles. 


Fig. 11-33 shows a Connection Diagram for 4-6 poles (1725- 
1140 rpm at 60 cycles). The outer winding is the 4-pole main 
winding. The next is the 6-pole main winding. The third is the 
4-pole auxiliary winding arranged as a consequent-pole winding 
with 2 coil groups only. The extreme inner winding is the 6-pole 
auxiliary winding with 2 coil groups only. 


Reference 
Slot 


x RA 
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OOQOQOECO J 


—_ 


TO STARTING 
SWITCH 


Fig. 11-33. Connection Diagram for a 2-speed (4-6 poles) 
motor. The outer winding is the 4-pole main winding. The 
next is the 6-pole main winding. The third is the 4-pole 
auxiliary winding arranged as a consequent-pole winding 
with 2 coil groups only. The extreme inner winding is the 
6-pole auxiliary winding with 2 coil groups only. 
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In Fig. 11-33, both auxiliary windings are of the consequent- 
pole type. It is also possible to make the main winding of this 
type. Two examples will be given. A stator winding for 4-8 
poles may have the 4-pole main winding normal and the 3 other 
windings of consequent-pole type, i.e., the 8-pole main winding 
having 4 coil groups, the 4-pole auxiliary winding having 2 coil 
groups, and the 8-pole auxiliary winding having 4 coil groups. 
A stator winding for 6-8 poles may have the 6-pole main winding 
normal, the two 8-pole windings of consequent-pole type, i.e., 
the 8-pole main winding and the 8-pole auxiliary winding with 4 
pole-groups each, and the 6-pole auxiliary winding with 2 coil 
groups, as shown in Fig. 11-33. The 6-pole auxiliary winding 
can also be made of the normal type, i.e., with 6 coil groups. 


Fig. 11-34 shows the Wiring and Line-connection Diagram of 
a 2-speed, 2-winding, split-phase motor. The connections are so 
arranged that only one starting switch is necessary. This start- 
ing switch must operate at 75 to 80% of the synchronous speed of 
the low-speed winding. 


When the arrangement shown in Fig. 11-34 is applied to a 
capacitor-start motor, either one capacitor can be used in series 
with the starting switch, or 2 capacitors can be used, one con- 
nected in series with the To lead and the other in series with 
Tyo lead, 


If it is permissible to start always on the same speed con- 
nection, one of the auxiliary windings can be omitted. The 
starting is, in this case, either semi- or full-automatic. 


(b) Two-speed motors with tapped windings. It has been 
mentioned that the speed of a single-phase motor can be changed 


by varying its voltage or by changing the number of turns of its 
main winding. The first method makes an auto-transformer neces- 
sary and is used mainly in permanent-split capacitor motors for 
shaft-mounted fans and blowers. More than 2 speeds can be 
achieved with the auto-transformer. 


The change in the number of turns of the main winding is 
achieved by tapping it. The stator then has 3 windings: the main 
winding, an intermediate winding, and the auxiliary winding. The 
first 2 windings have the same magnetic axis, i.e., the inter- 
mediate winding is wound in the same slots as the main winding 
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Fig. 11-34. Wiring and Line-connection Diagram for a 
2-speed, 2-winding, split-phase motor. 
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Fig. 11-35. Schematic L connection of the 3 windings 
of a 2-speed motor. 
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H - High speed. 
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Fig. 11-36. Schematic T connection of the 3 windings 
of a 2-speed motor. 
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Fig. 11-37. Connection Diagram for a 2-speed, 4-pole motor 
with L connection. All windings connected in series. 
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(on top of it). The 2 common methods of connecting the 3 wind- 
ings are the L and T connections. Schematic diagrams of these 
two connections are shown in Figs. 11-35 and 11-36. The L-—-con- 
nection is used mainly for 115-volt motors, whereas the T-con- 
nection is used mainly for 230-volt motors. In both cases the 
capacitor element is then operated at about 300 volts. If the 
L-connection is used for a 230-volt motor, the capacitor element 
is operated at about 500 volts. 


Fig. 11-37 shows the Connection Diagram for a 4-pole, L- 
connection with all 3 windings in series. The Connection Dia- 
grams for 6, 8, and 10 poles, with the L-connection and all 
windings in series, are the same as Fig. 11-37, except that the 
number of pole groups in each of the 3 windings is 6,or 8,or 10, 
respectively. Fig. 11-38 shows the Wiring and Line-connection 
Diagram for Fig. 11-37. Fig. 11-39 shows a Connection Diagram 
for 6 poles with L-connection in which the main and auxiliary 
windings are connected in parallel and the intermediate winding 
is connected in series, 


For the T-connection, the same Connection Diagrams (Figs. 
11-37 and 11-39) can be used except that Tg is to be internally 
connected with Ts instead of T5. 


11-7. Repulsion-type Motors, The repulsion-type motors 


start with the aid of a d-c armature winding in the rotor in 
connection with a commutator and brushes. Therefore, they do 
not need a starting winding. The stator winding is usually hand- 
wound or mould-wound with concentric or distributed coils (Figs. 
11-1 and 11-3).  § Some of the stator slots are partially filled. 
The stator Connection Diagrams are the same as for the main wind- 
ing of the single-phase motors treated above. When used for a 
single voltage, the Connection Diagrams of the main winding of 
Figs. 11-11 to 11-24 can be applied. When used for 2 parallel 
circuits, the Connection Diagram of the type shown by Fig. 11-25b 
is often applied and,for dual-voltage motors, the corresponding 
Connection Diagram of the type shown in Fig. 11-25d is most com- 
monly applied. In both cases, alternate pole groups are con- 
nected in series for each path or section of the winding. 


The Wiring and Line-connection Diagrams of a dual-voltage 
repulsion-type motor are the same as for the split-phase motor 
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Fig. 11-38. Wiring and Line-connection 
Diagram to Fig. 11-37. 





Fig. 11-39. Connection Diagram for a 2-speed, 6-pole motor 

with L connection. Main and auxiliary windings are con- 

nected in 2 parallel paths, intermediate winding connected 
in series. 
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(Figs. 11-32a and 11-32b), except that the auxiliary winding and 
starting switch are not present. 


11-8, Pre-determining the Direction of Rotation and Re- 
versing of Split-phase Motors. It should be noted first 


that the direction of rotation of the rotor of a split-phase 
type motor is always from an auxiliary winding pole of certain 
polarity to the pearest main winding pole of the game polarity. 
On this basis the following 2 methods can be applied in order to 
pre-determine the direction of rotation using only the stator. 
The first method uses a test, the second an inspection of the 
Connection Diagram of the stator windings. 


(a) Short-circuit the 2 starting switch leads, join. the 
main and auxiliary windings, and excite the 2 line leads with 
alternating current. Suspend now a piece of soft iron wire, 
about 1 to 11/2 inches long, on the end of a_ thread in the 
stator bore and open the starting switch leads; the wire will 
then move in the direction of rotation. If 60 cycles are used 
for excitation of the windings, not more than half voltage should 
be applied. If a larger or smaller frequency is used, the ap- 
plied voltage can be proportionally larger or smaller. The sus- 
pended wire should not touch the stator iron. If the current in 
the windings is too large, it is better to suspend the wire 
outside of the stator iron, above the end-windings. 


(b) Consider the Connection Diagram, Fig. 11-13. Let Ty be 
connected to Ts and assume that the current flows from the line 
through Ty and Ts into both windings. Then the current in the 
first pole group of the main winding flows clockwise. The cur- 
rent flowing from Ts through the starting switch also passes 
clockwise through the first pole group of the auxiliary 
winding. Thus, the first pole groups of both windings have the 
same magnetic polarity and the direction of rotation will be 
counter-clockwise, since the rotation is always from an auxiliary 
winding pole toward the nearest main winding pole of the same 
polarity. If T, is connected with T, (instead of Ts), the direc- 
tion of rotation is clockwise. Note that the assumption of the 
direction of the line current has no influence on the results 
obtained, 


It follows from the foregoing that, in order to reverse the 
single-phase type motor, the direction of current in the auxiliary 
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winding, with respect to that of the main winding, must be re- 
versed, Thus, if in Fig. 11-14, as an example, Ty is connected 
with Ts» and 1%, with Tg; the direction of rotation is counter- 
clockwise and, if Ty is connected with Tgs and qT, with Ts s the 
direction of rotation is clockwise (See Fig. 11-28). Note that 
the direction of rotation is specified from the connection end 
(See Art. 11-4c). 

1-9 connecting or d a Split-phase Motor for a 
Different Voltage at the Same Performance, If a split-phase 
motor is to be changed from 230 to 115 volts and both windings 
are connected in series, both windings have to be reconnected in 
parallel. If the voltage is to be halved and both windings are 
connected in parallel, both windings have to be rewound with 
half as many turns and with twice the wire size of the original 
windings. 


If the voltage is to be changed from 115 volts to 230 volts 
and both windings are connected in series, both windings are to 
be rewound with twice as many turns and with wire half the size 
of the original windings. If the voltage is to be changed fron 
115 to 230 volts and the main winding is connected in parallel, 
while the auxiliary winding is connected in series, the main 
winding is to be reconnected in series and the auxiliary winding 
is to be rewound with twice as many turns and with half the wire 
size. The auxiliary winding can be used, if the motor is re- 
wound for dual voltage and the auxiliary winding is connected in 
parallel to one section of the main winding (See Art. 11-5). It 
is not safe to change a split-phase motor from 230 to 440 volts, 
because of possible difficulties with the starting-switch. 


If the voltage is not to be halved or doubled but changed 
by a certain percentage, the necessary number of turns is given 
by Eq. 10-1. Since the performance is not to be changed, the 
flux per pole must remain the same as before, i.e., the number 
of turns is to be changed by the same percentage as the voltage 
is to be changed. Let V be the original voltage and V’ the new 
voltage, then the number of turns of both, the main and auxiliary 
winding, must be 


y x No, turns in the old windings 
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and the cross-sectional area of the wire should be 
yy x Area of wire in the old windings 


or as near as possible to this value. 


As a rule, the difference in the wire sizes between auxi- 
liary and main windings is to be the same in the rewound motor 
as it was in the original motor. While rewinding, the area of 
the wire of the main winding should be made as large as possible, 
but this should not be done for the auxiliary winding. 


11-10, Reconnecting or Rewinding a Capacitor-start motor 


for a Different Voltage at the Same Performance. If the capaci- 
tor-start motor is to be changed from 230 to 115 volts and both 


windings are connected in series, both windings are to be re- 
connected in parallel. The method of paralleling shown in Fig. 
11-25d can be used, i.e., the winding is split into 2 sections, 
each including every alternate pole, If the voltage is to be 
halved and both windings are connected in parallel, both wind- 
ings are to be rewound with half as many turns and with twice 
the wire size of the original windings. Whether reconnected or 
rewound, in both cases a 115-volt capacitor of 4 times the micro- 
farad rating of the original 230-volt capacitor must be used. 
If the motor is swing-connected (Art. 11-4c) and the voltage is 
to be halved, only the 2 sections of the main winding are to be 
reconnected in parallel, while the auxiliary winding and capaci- 
tor remain unchanged. The motor is then non-reversible. 


If the voltage is to be changed from 115 to 230 volts and 
both windings are connected in series, both windings are to be 
rewound with twice as many turns and half the wire size of the 
original windings and a 230-volt capacitor of 1/4 the microfarad 
rating of the 115-volt capacitor must be used. The original 
capacitor and auxiliary winding can be used if the motor is re- 
wound for dual-voltage or the swing connection; in this case 
each section of the main winding must have the same number of 
turns as the 115-volt winding and a wire size half of the ori- 
ginal, If the main winding is arranged in 2 parallel strands 
(See Art. 11-5) doubling of the voltage can be achieved by con- 
necting the strands in series and using the swing connection. 
However, before connecting the strands in series, a test between 
the strands at 500 volts should be made. 
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If the voltage is to be doubled and both windings are con- 
nected in parallel, both windings are to be reconnected in series 
and a 230-volt capacitor of 1/4 the microfarad rating of the 
115-volt capacitor used. 


If the voltage is to be changed from 230 to 440 volts, only 
the dual-voltage or swing connection should be used, with con- 
sideration for the switch and the capacitor. 


Halving and doubling the voltage were considered. For a 
general change of voltage, the same rules apply with respect to 
the number of turns of both windings and to the cross-sectional 
area of the wire as those given for the split-phase motor in the 
preceding article, The microfarad rating of the capacitor 
should be 


2 
(¥,) x Microfarad rating of the original capacitor 


ll-11. Reconnecting or Rewinding a_Permanent-split and a 
2-Value Capacitor Motor for a Different Voltage at the Same Per- 


formance, For the permanent-split capacitor motor the same 
rules apply as for the capacitor-start motor. A change of volt- 
age of the 2-value capacitor motor involves a_ change of the 
capacitor-transformer unit (Fig. 11-3la) or of the double-unit 
capacitor (Fig. 11-3lb). For this reason it is advisable to 
make only such changes of voltage which permit use of the origi- 
nal capacitor transformer unit or the double-unit capacitor. 
This is, for example, the case when a 2-value capacitor motor is 
to be rewound from 115 to 230 volts. Then the dual-voltage or 
the swing connection can be applied, and only the main winding 
is to be rewound, Each section of it must have the same number 
of turns as the 115-volt main winding with a wire one half the 
size of that of the original winding. The auxiliary winding and 
the capacitor-unit remain unchanged. If the main winding con- 
sists of 2 parallel strands per conductor, each strand can be 
used as a section. However, before connecting the sections in 
series the insulation between the strands should be tested at 
500 volts. 

If an L-connected, 2-speed, tapped-winding, permanent-split 
capacitor motor is to be changed from 115 to 230 volts, the fol- 
lowing changes are necessary: the number of turns of the main 
and intermediate windings must be doubled and the wire used must 
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be one half of the size of the original wire; the rewound motor 
should be T-connected. If the main winding is connected in 
parallel, it can be reconnected in series without rewinding. 


If a T-connected, 2-speed, tapped-winding, permanent-split 
capacitor motor is to be changed from 230 to 115 volts, the fol- 
lowing changes are necessary: the number of turns of main and 
intermediate windings must be halved and the wire used must be 
twice the size of the original wire; the rewound motor should be 
L-connected, If the main and intermediate windings are connected 
in series, they can be reconnected in parallel without rewinding. 


11-12, Rewinding for a Different Breakdown Torque at the 


Same Voltage. At a given voltage and frequency, the breakdown 
torque of the split-phase and capacitor-start motor varies ap- 
proximately inversely as the square of the number of turns of the 
main winding. For example, in order to increase the breakdown 
torque by 20%, the number of turns of the main winding must be 
decreased 10%. However, since a change of the number of turns 
of the main winding changes the flux per pole (See Eq. 10-1) and 
the currents in the stator and rotor windings, the losses in the 
iron and in the copper which appear as heat will be changed. For 
this reason it is necessary to determine experimentally, before 
rewinding for a different breakdown torque, whether the total 
losses are considerably increased. The possibility of such a 
test is given by the fact that the breakdown torque is approxi- 
mately proportional to the square of the line voltage. If, for 
example, the line voltage is increased by 10%, the breakdown 
torque will increase by 20%. Therefore, if an increase of the 
breakdown torque of 20% is desirable, the motor input is to be 
determined experimentally at 110% normal voltage. If this input 
is appreciably higher than that at normal voltage, a temperature 
run should be taken at operating. load and 110% normal voltage. 
The ambient temperature and that of the winding at its hottest 
accessible spot should be measured after the winding temperature 
becomes constant. The temperature rise, i.e., the difference 
between the temperature of the winding and ambient, should not be 
over 40° C, when the motor is open, and not over 55° C, when the 
motor is totally closed. 

If the breakdown torque of a capacitor-start motor is to be 
increased, it should be done in narrow limits, otherwise the 
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life of the capacitor may be reduced, Two-value capacitor motors 
and permanent split capacitor motors should not be rewound by 
the serviceman for an increase in breakdown torque unless speci- 
fications from the manufacturer are available. 


11-13. Rewinding for a Different Frequency. The following 
rules apply to the split-phase motors only. It is not advisable 


for the serviceman to rewind a capacitor-type.motor for another 
frequency without having specifications from the manufacturer, 


If the frequency of a split-phase motor is to be changed 
from 50 to 60 cycles and the required torques are not too high, 
ordinarily it will be unnecessary to change either the windings 
or :‘the switch. For a change from 60 to 50 cycles, no winding 
change is usually necessary for the general-purpose motor. How- 
ever, it may be necessary to increase the number of turns by 
10% in order to avoid overheating in the case of the high- 
torque motor. When a change from 60 to 50 cycles is made, the 
rotating member of the starting switch should be changed. 


For larger changes of frequency than 50 to 60 cycles and 
vice versa, the number of turns of both windings must be changed 
and a starting switch that operates at the new speed is neces- 
sary. 


11-14, Changing a_Split-phase Motor to a_ Capacitor-start 
tor The starting torque of a split-phase motor can be in- 


creased or its locked-rotor current can be reduced by inserting 
a (electrolytic) capacitor in the circuit of the auxiliary wind- 
ing. With a proper capacitor the starting torque can be in- 
creased up to 100% and the starting current reduced down to 40%. 
The proper microfarads of the capacitor should be determined by 
test. 


11-15. Changing a_Capacitor-start Motor to a Split-phase 


tor If a capacitor-start motor is to operate as a split- 
phase motor, usually a resistance will have to be substituted 
for the capacitor, otherwise the motor may not start. The re- 
sistance also reduces the locked-rotor current. The resistance 
for maximum starting torque should be determined by test. Nor- 
mally an external resistance of one to two times the ohmic re- 
sistance of the auxiliary winding will yield maximum starting 
torque (See reference at the start of the chapter). 
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11-16, Changing a 2-Value Capacitor Motor with Transformer 
Unit to a Capacitor-start Motor, By substituting an electrolytic 


capacitor for the capacitor-transformer unit, a 2-value capaci- 
tor motor may be operated as a capacitor-start motor. The micro- 
farads of the electrolytic capacitor can be approximated in the 
following way. Determine the turns ratio of the auto-transformer 
on the starting connection by measuring the voltages or by 
stripping the transformer coil and counting the turns. The 
micro-farads of the electrolytic capacitor should be about 80 to 


90 per cent of 
(Turns ratio) x Microfarads of the original capacitor. 


It should be noted that operating as a capacitor-start motor, 
the motor will have a 10% to 25% smaller breakdown torque and 
its full-load losses and therefore its heating will be in- 
creased. Furthermore, higher voltages may shorten the life of 
the electrolytic capacitor (see reference at the start of the 


chapter). 
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CHAPTER 12 
ELECTRICAL FAULTS IN A-C WINDINGS 


The most common electrical faults in a-c windings are 
grounds, short circuits, wrong connections, and open circuits. 
In this chapter, these faults are described, and the means to 
locate them are given. At the end of the chapter a trouble chart 
is shown, listing numerous defects. 


12-1, Grounds, A ground means contact between conductor- 
copper and iron. If the contact resistance is low, the fault 
may be detected by using a trouble light (Fig. 12-1), one lead 
of which is connected to the bare metal of the motor frame and 
the other lead to the copper (terminal or stub), or by using a 
"pell-ringing” magneto or battery set. If the contact resistance 
is high, a higher voltage (up to 2000 volts) is to be applied 
between frame iron and copper. The application of a higher 
voltage will heat up the contact, until smoke or arcing becomes 





Fig. 12-1. Checking for a ground by use 
of a trouble light. 
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Fig. 12-2. If test shown in Fig. 12-1 shows the presence 
of a ground, the winding must be opened as shown and each 
phase tested to locate the grounded phase. 


evident. Sometimes it will become necessary to open up the 
winding in several places and to investigate each winding part 
separately. This is illustrated in Figs. 12-2 and 12-3. 


12-2. Short Circuits. One or more turns can be shorted in 
one or more coils and also a complete coil can be shorted at the 
coil ends. If the motor is running, the short-circuited turns 
or coil becomes overheated and often can be detected by feeling 
around the end-windings. This should not be done with machines 
of higher voltage. If the rotor is taken out, an internal 
growler can be used. Moving the growler around the stator core, 
the short-circuited turns or coil will be indicated by increased 
current in the growler primary. They may be detected also by 
attraction of a strip of sheet iron to the short-circuited turns 


POLE - PHASE GROUP 


OPEN POLE 


3 es 
2828S . GROUP CON- SSS 
= \NECTIONS 
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TEST PRODS 7 
er VOLTAGE 
TEST LIGHT 


Fig. 12-3. Following the test of Fig. 12-2, the grounded 
phase is separated into its component parts and each part 
tested until the grounded part is located. 
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or coil, or by heating which takes place in the defective turns 
or coil. The internal growler can only be used when the winding 
is connected in series star. In order to use an internal growler 
in multiple circuit stators, it is necessary to open all paral- 
lel circuits. 


Another method of locating the defect is to excite the wind- 
ing with alternating current, preferably of higher frequency 
(200 to 400 cycles), and to touch a piece of steel or iron to 
the stator iron around the core. The location of the defect 
will be under the pole which shows a substantially weaker pull 
on the piece of steel or iron than the other poles. 


A short-circuit of a complete pole-phase group can be lo- 
cated also by a "compass" test. For this purpose the winding is 
excited with a direct current approximately equal to 1/3 of the 
normal alternating current. The compass is moved around the 
stator core and the North and South poles marked (see Fig: 12-4). 
The marking will show whether the winding is correct or not. In 
2-phase windings, each phase must be excited separately and the 
markings made. In 3-phase, star-connected windings, 3 observa- 
tions and 3 markings are to be made. The d-c positive lead is 
applied in turn to the 3 leads of the winding while the d-c 
negative lead is connected to the neutral. The marking of each 
phase must start at the phase lead. If the result of the 3 
markings is a sequence of North and South poles all around the 


POLE PHASE GROUPS OF ONE PHASE 
COMPASS 


O @ O ® 


DC TEST VOLTAGE 


Fig. 12-4. A complete short-circuited pole-phase group 
is located by the compass test. Excite each phase by 
direct current approximately equal to 20% of the normal 
alternating current. The compass sequence (N or S) of 
each phase as_ shown above indicates that there are no 
short-circuited pole-phase groups. This test will also 
indicate reversed phase, or pole-phase group. 
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core, the winding has no short-circuited pole-phase groups. In 
3-phase, delta-connected windings, the delta must be opened at 
one lead and connected to a d-c source. The direct current then 
flows through all 3 phases in series. For a correct winding, 
the North and South poles must alternate. 


In order to locate the short circuit of a large part of a 
phase, the “balance test" can be made: each phase is separately 
excited by approximately 20% of the normal voltage and the cur- 
rent is measured. A higher current reading in one phase indi- 
cates a short-circuit in that phase (see Fig. 12-5). If the 
winding is delta-connected, the delta must be opened at one point 
and each phase measured separately. 


12-3. Wrong Connections. A wrong connection exists when 


one or more single coils are reversed in the same pole-phase 
group, or when a pole-phase group is reversed, or when in a 3- 
phase winding a complete phase is reversed. [In all 3 cases, the 
compass test described in the foregoing section can be applied. 
An incorrectly connected single coil will have the tendency to 
reverse the compass needle. In the case of a_ reversed pole- 
phase group, the compass needle will show the same field direc- 
tion on 3 consecutive pole-phase groups. When a complete phase 
of a 3-phase winding is reversed, the compass test will show 
markings going in groups of 3 in opposite directions. A 3-phase 
motor with one phase reversed generally will not start and, if 


POLE PHASE GROUPS OF ONE PHASE 


ued A.C. TEST 
a VOLTAGE 
SWITCH 


Fig. 12-5. Test each phase separately with approximately 
20% of normal operating voltage. A higher current read- 
ing in one phase indicates a short circuit in that phase. 
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started, will produce a growling noise: the windings become hot 
after a short time of running. 


In a lap winding, it is a simple matter to check the group- 
ing in order to determine whether the sequence and number of 
single coils per group are correct. This can be done by inspec- 
tion. In wave windings, such as are used in rotors, this cannot 
be done by inspection. However, by the use of a trouble-light 
or bell-ringing magneto or bettery set, the connections can be 
checked. This will be shown by an example. Whether the winding 
is connected star or delta, the phases must be disconnected from 
each other. However, the connecting jumpers within each phase 
must be left connected. Fig. 6-11 shows the complete winding 
diagram fora 72-slot rotor connected for 8 poles with the phases 
not connected together. The Working Diagram of this winding is 
shown by Fig. 6-27 and also in Fig. 12-6 with the addition of 
all the series clips and jumpers. If no error has been made in 
connecting the winding, then a test-light, with one end applied 
to A, and the other end free to contact every clip around the 
periphery of the rotor, will light in the sequence designated by 
solid dots in Fig. 12-6. It can be seen that the light appears 


symmetrically in groups of 3. 





Fig. 12-6. Working Diagram showing the lighting sequence 
for a properly connected wave winding for 72 slots 8 
poles and spp = 3. The dots represent lighting 
sequence for Phase A. 
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From the Master Table 3-5 for 72 slots and 8 poles spp is 
33 this agrees with the grouping above. It can also be seen 
that between each group of 3 clips which light, there are 6 
Other clips or coils which do not light. These belong to phases 
B and C. They also will light in groups of 3 when the test- 
light is applied to phase B and C respectively. Any other light- 
ing sequence will denote an incorrect connection. A lighting 
sequence is shown in Fig. 12-7 for an incorrect connection of 
the winding shown properly connected in Fig. 6-27. The error is 
a connection of upper coil side in slot 11 to bottom coil side 
in slot 2. This test can be applied to integral-slot as well as 
to fractional-slot wave windings. The lighting sequence will 
always agree with the groupings calculated by the methods out- 
lined in Chapters 6, 7 and, 8. 


12-4. Connection for Wrong Voltage. If a motor is incor- 
rectly connected for a lower voltage than the line voltage, say 
for 110 volts while the line voltage is 220 volts, this will show 
up in an excessive no-load current and ina magnetic hum indicat- 
ing that the flux is too high (see Eq. 10-1). If, on the other 
hand, the motor is incorrectly connected for a_ higher voltage 





Fig. 12-7. Working Diagram showing lighting 

sequen 2 of an incorrectly connected wave wind- 

ing for 72 slots 8 poles and spp # 3. The error 

is a connection of upper coil side in slot 11 to 
bottom coil side in slot 2. 
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than the line voltage, the starting torque and pull-out torque 
will be reduced; for example, if a motor is connected for 220 
volts while the line voltage is 110 volts, the starting torque 
and pull-out torque will be only 1/4 of the values at the right 
connection and the motor may not start and will pull out at a 
load smaller than the normal load. 


If a 3phase motor designed for star connection is connected 
delta, the line voltage will be 73% too high with all the con- 
sequences described above. Vice versa, if a 3-phase motor de- 
signed for delta connection is connected star, the line voltage 
will be 73% too low. 


In a generator, a wrong connection shows up in the no-load 
voltage. A reconnection is to be made in the case of a wrong 
connection. The possibilities for this are treated in Art. 10-2. 


12-5. Connection for a_ Wrong Number of Poles. A connec- 
tion for a wrong number of poles will show up in the speed. The 


methods of reconnection for the right number of poles are treated 
in Art. 10-5, 


12-6. Open Circuits. An open circuit may be due to a 


poorly soldered joint or a broken joint or conductor. A series 
star- or series delta-connected 3-phase motor with one phase in- 
terrupted -will behave like a single-phase motor and will not 
start. If the winding is connected series star, the phase which 
is interrupted can be found by lighting-out or ringing-out the 
winding (see Art. 12-1) between the terminals (see Fig. 12-8). 
If the winding is connected series delta, the delta must be 
opened at one terminal and each phase tested separately again by 
a trouble-light or by a bell-ringing magneto or a battery set. 
After the faulty phase has been located, the investigation will 
have to be applied to parts of this phase. This is illustrated 


in Fig. 12-9. 


If a 3-phase motor is connected parallel-star or parallel- 
delta and one or more but not all of the parallel circuits are 
interrupted in one of the phases, the motor may start. The de- 
fect will show up in vibration and over-heating of certain parts 
of the winding. The faulty phase can be best located by a bal- 
ance test (see Art. 12-2). This phase must then be broken up 
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Fig. 12-8. If star-connected winding is open-circuited, 
the faulty phase is detected by lighting-out (or <Ane ine 
out) the winding between terminals as shown. If delta, 
open the winding at one terminal and test each phase. 


POLE - PHASE GROUP 
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Fig. 12-9. The test of Fig. 12-8 indicates the open- 

circuited phase. Then, each component part of the 

open circuited phase is Ae at tested, leading 
eventually to the faulty coil or joint. 
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into its parallel circuits and each circuit investigated separ- 
ately, as explained before. 


An open circuit in a squirrel-cage rotor, i.e., defective 
brazing or defective die-casting of such a rotor, canbe detected 
by slowly moving it in a single-phase field. For this purpose, 
a voltage of about 25% of the normal is to be impressed on 2 
terminals of the stator. If the variation in the current is 
less than 3%, while the rotor is moved, it can be assumed that 
the rotor is satisfactory for use. 


An open circuit in a squirrel cage can also be detected by 
means of a growler with an ammeter in the growler circuit. An 
open circuit or a high resistance joint will be indicated by a 
lower ammeter reading. Recently, squirrel-cage rotors are being 
investigated with respect to faults by X rays. 


Open circuits in windings of wound rotors are to be treated 
in the same manner as those of stator windings. 


Motor will 
not start 


Motor Noisy 


TROUBLE SHOOTING CHART FOR INDUCTION MOTORS 


Overload control trip. 


Power not connected. 


Faulty (open) fuses. 
Low voltage. 


Wrong control 
connections. 


Loose-terminal-lead 
connection. 


Driven machine locked. 


Open circuit in stator 
or rotor winding. 


Short circuit in stator 
winding. 


Winding grounded. 
Bearings stiff. 
Grease too stiff. 


Faulty control. 


Overload. 


Motor running single 
phase 


Electrical load un- 
balanced. 


Shaft bumping (Sleeve- 
bearing motors). 


Vibration. 


Air gap not uniform. 
Noisy ball bearings. 


Loose punchings, or 
loose rotor on shaft. 


Rotor rubbing on stator. 


Objects caught between 
fan and end shields. 


Motor loose on found- 
ation. 


Coupling loose. 
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Courtesy General Electric Company, Schenactady, N.Y. 


Wait for overload to cool. Try starting 
again. If motor still does not start, 
check all the causes as outlined below. 


Connect power to control, and control to 
motor. 
Check clip contacts. 


Test fuses. 


Check motor-name plate values with power 
supply. Also check voltage at motor 
terminals with motor under load to be 
sure wire size is adequate. 


Check connections with control wiring 
diagram. 


Tighten connections. 


Disconnect motor from load. If motor 
starts satisfactorily, check driven ma- 
chine. 


Compare winding resistance of various 
circuits using separate low voltage power 
Splice broken wires or rewind. 


Check winding resistance or use “Growler” 
Insert insulation at point of short or 
cut out shorted coil as temporary mea- 
sure and rewind as soon as possible. 


Test for grounded winding. 
Free bearings or replace. 


Use special lubricant for special con- 
ditions. 


Review instructions accompanying con- 
troller. 


Reduce load. 


Stop motor. Then try to start. 
not start on single phase. 
Check for "Open" in one of the lines or 
circuits. 


Check current balance by measuring cur- 
rent and voltage in each phase. Correct 
the power supply to obtain balanced 
voltages. 


Check alignment and condition of belt. 
On pedestal-mounted bearing, check end 
play and axial centering of rotor. 


Driven machine may be unbalanced. 
Remove motor from load. If motor is 
still noisy, rebalance rotor. 


Center the rotor; if necessary replace 
bearings. 


Check lubricafion. Replace bearings if 
noice is persistent and excessive. 


Tighten all holding bolts. 


It will 


Center the rotor and replace bearings if 
necessary. 


Disassemble motor and clean it. Any 
rubbish around motor should be removed. 


Tighten holding-down bolts. Motor may 
possibly have to be realigned. 


Insert feelers at four places in 
coupling joint before pulling up bolts 
to check alignment. 

Tighten coupling bolts securely. 





TROUBLE SHOOTING CHART FOR INDUCTION MOTORS - Continued 





Measure motor loading with ammeter and 
compare with full load current on name 
plate. Reduce load. 


Check for voltage unbalance or single 
phasing. 

Check for "Open" in one of the lines or 
circuits. 

Clean air passages and windings. 


Check motor-name plate values with power 
supply. Also check voltage at motor 
terminals with motor under full load. 


Remove power from motor. Check machine 
for cause of stalling. 


Overload. 





























Electrical load un- 
balance. 


(Fuse blown. Faulty 
control, etc.) 


Restricted ventilation. 


Incorrect voltage and 
frequency. 


















Motor stalled by driven 
machine or by tight 
bearings. 


Stator winding shorted. 








Motor operating at 
higher than normal 





Locate shorted portion by resistance 
measurement or “Growler”. Cut out coil 
for temporary use but rewind as soon as 
possible. 


Locate around through resistance measure 
ment and insert insulation at grounded 
point or rewind if necessary. 


Tighten, if possible, or replace with 
another rotor. 


Remove excessive pressure on bearings. 


Replace with motor designed for this 
service. 















Stator winding grounded. 











Rotor winding with loose 
connections. 





















reversing service. 









Make sure end shields fit squarely and 
are properly tightened. 


Reduce belt tension or gear pressure 
and realign shafts. See that thrust is 
not being transferred to motor bearing. 
Straighten shaft, or send to service 
shop. 

Add oil, if oil supply is very low, 
drain, flush, and refill. 

Drain oil, flush, and relubricate using 
industrial lubricant recosmended by a 
reliable oil company. 

Oil too heavy; drain and replace. 

Oil ring has worn spot; replace with new 
ring. 

Level motor or reduce tilt and realign, 
if necessary. 


Replace rings. 








replaced properly. 


Excessive belt tension 
or excessive gear side 
thrust. 


Bent shaft. 





Bearings Hot 









Insufficient oil. 














Foreign material in oil 
or poor grade of oil. 




















Oil rings rotating 
at or not rotating 
at all. 


Motor tilted too far. 












Sleeve Bearings 














Rings bent or otherwise 
damaged in reassembling. 


Ring out of slot (oil 
ring retaining clip out 
of place). 


Motor tilted causing 
end thrust. 


Defective. bearings or 
rough shaft. 









Adjust or replace retaining clip. 
















Relevel motor. Reduce thrust, or use 
motor designed for thrust. 


Replace bearings. Resurface shaft, 
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TROUBLE SHOOTING CHART FOR INDUCTION MOTORS - Concluded 


Ball Bearings 


Wound-Rotor Motor 
Troubles 

Motor runs at low 

speed with external 

resistance cut out. 


Too much grease. 


Wrong grade of grease. 
Insufficient grease. 


Foreign material in 
grease. 


Bearings misaligned. 


Bearings damaged 
(Corrosion, etc.). 


Wires to control too 
small. 


Control too far from 
motor. 


Open in rotor circuit 
(including cable to 
control). 


Brushes sparking. 


Dirt between brush 
and ring. 


Brushes stuck in 
holders. 


Incorrect brush tension. 


Rough collector rings. 
Eccentric rings. 


Excessive vibration. 


Current density of 
brushes too high 
(overload). 


Remove relief plugs, and let motor run. 
If excess grease does not come out, 
flush and relubricate. Housing should 
be about one half full. Use relief plug 
to relieve pressure. 


Add proper grease. 
Remove relief plug and regrease bearing. 


Flush bearings. Relubricate; make sure 
that grease supply is clean. 
(Keep can covered when not in use). 


Align motor and check bearing-housing 
assembly. See that races are exactly 90 
degrees with shaft. 


Replace bearings. 


Use larger cable to control. 


Bring control nearer motor. 


Test by ringing out circuit and repair. 


Check for overload with ammeter and e- 
liminate overload. Clean rings and re- 
fit brushes. 


Clean rings and insulation assembly. 
Use right size brush. 


Check brush tension and correct. 
File, sand and polish. 


Turn in lathe or use portable tool to 
true up rings, without disassembling 
motor. 


Balance motor. 


Reduce load. (If brushes have been re- 
placed, make sure they are of the same 
grade as originally furnished). 





APPENDIX 1 


BALANCED FRACTIONAL-SLOT LAP WINDINGS LAID OUT 
WITH RESPECT TO THE MAIN WAVE 


Al-1. Number of Repeatable Groups and Parallel Paths. The 
number of slots per pole per phase (spp) will be designated by 


q. In fractional-slot windings, q can be represented as 


qe are) (Al-1) 


where neither N and d nor n and d have a common divisor and I 

is an integer. It will be shown in Art. Al-5 that, for balance, 

d must not be divisible by the number of phases. Thelatter will 
be designated by m. The total number of slots will be designated 

by S and the number of poles by p. 


With the notations of Eq. Al-l, the winding repeats itself 


after each d poles, and the number of recurrent winding parts is 
equal to §. Each phase has N slots in d poles. 


This can be understood best by an example. Consider’ the 
stator winding of a 3-phase machine having 20 poles and S = 135 
slots. Then 


at ge 77244 
ij.e., d=4, N=9, I= 2, n# 1. Since each pole-phase group 
must have an integral number of single coils ( 2 or 3 or 4, etc.), 
q = 23 can be realized if each phase has in 4 poles 3 pole-phase 
groups with 2 single coils and 1 pole-phase group with 3 single 
coils, making Sa 2tixs = % slots per pole per phase. Thus, 
4 poles constitute a repeatable winding part, and each phase has 
in 4 poles N=4x4=9 slots. There is a maximum of 20 = 5 
(in general #) parallel circuits possible, while a 20-pole 


machine with q = integer may have 20 parallel circuits. 





Hence, if q = 5 - I+ q° there are § recurrent winding 
parts in each phase and each phase has N slots ind poles. Fur- 
ther, each phase has in d poles (d - n) pole-phase groups with I 
single coils, and n pole-phase groups with (I + 1) single coils. 


Al-2. The Slot Star. The fractional-slot windings can be 
studied best on the basis of the slot star which shows the posi- 
tion of the individual slots in the magnetic field. Since there 
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are 2 coil sides in each slot, the slot star also shows the 
position in the magnetic field of the upper and lower coil sides, 
i.e., of upper and lower layer. It suffices to consider only 


one of the 2 layers. 


Fig.Al-1 shows the slot star of a 2-pole, 3-phase, integ- 
ral-slot winding with q = 2. The angle between 2 adjacent slots 
is,in general 

q = we (A1-2) 
and in this case d, = = 30 electrical degrees. Two ad- 
jacent vectors represent 2 adjacent slots or 2 adjacent coil 
sides of the same layer. Considering the upper layer, coil sides 
1 and 2 belong to phase A, coil 
sides 3 and 4 belong to phase C, 
and coil sides 5 and 6,to phase 
B. Vector 7 which represents 
coil side 7 starts the second 
pole and is' shifted 180° with 
respect to vector 1; vector 8 is 
shifted 180° with respect to vec- \ 
tor 2, and so on, i.e., the bottom Y 9 
half of the slot star is the same 10 
as the top half, except. that Fig. Al-l. Slot star of an 


their vectors are shifted by ae Wee ciete tee ie 


180°, per phase. 


180 
x 





Fig. Al-2 shows the 4 coils belonging to phase A. The con- 
nector C takes care that the emf or mmf of coil side 1 adds to 
that of coil side 7 and that the emf or mmf of coil side 2 adds 
to that of coil side 8. In the slot star which shows the phase 
displacements between the single coil sides of the winding, vec- 
tor 7 can be made to coincide with vector 1, vector 8 with vec- 
tow 2, and so forth, i.e., the slot star of the 2-pole integral- 
slot winding is completely represented by the vectors of 1 pole 
which require only half of a circle. Since two poles are the 
unit (recurrent part) of the integral-slot winding, this result 
applies to the integral-slot windings in general. 


d poles make the unit (recurrent part) of the fractional- 
slot winding, just as 2 poles make the unit of the integral-slot 
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Fig. Al-2. Connection between 2 consecutive 
pole-phase groups. 


winding; therefore, the slot star of d poles of the fractional- 
slot winding is represented by half of a circle. 


Fig. Al-3 shows the slot-star of a 3-phase, fractional-slot 
winding with lj slots per pole per phase, i.e., d= 4, N = 5, I 
=1, n=1. d= 4 poles make a unit (recurrent part). Each 
phase has N = 5 slots in d = 4 poles. There are in d = 4 poles, 
per phase, d - n = 4 - 1 = 3 pole-phase groups with I = 1 single 

PHASE C 


44 3 
40 7 





Slot star of a fractional-slot 3-phase 
winding with q = 1 1/4. 
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coil and n=] _ pole-phase group with I + 1= 1+ 1 = 2 single 
coils. The total number of slots in d = 4 poles is aN = 3 x 5 = 
15. The slot star, therefore, contains 15 vectors. 


The angle between 2 adjacent slots is (Eq. Al-2): 
aq - 180 . 48° 

7 3.x 17 
i.e., the angle between vectors 1 and 2, 2 and 3, etc., is 48° 
The angles which correspond to the 15 slots of the unit (d = 4 
poles) are: 

Slot 123 4 5 6 7 8 910 11 12 13 14 #215 
Angle 0 48 96 144 192 240 288 336 24 72 120 168 216 264 312 
To slot 16, there corresponds the angle 360° or 0°; slot 16 is 
the beginning of the next recurrent part. Slots 1 to 4 lie under 
the first pole of the unit; slots 5 to 8 lie under the second 
pole; slots 9 to 12 under the third pole; and slots 13 to 15 
under the fourth pole. Since the connections between the coil 
groups take into account the shift of 180° (Fig. Al-2), the real 
angles between the slots, i.e., the shifts of the slots with 

respect to each other in the magnetic field, are: 
Slot 123 45 6 7 8 910 11 1213 14 15 
Angle 0 48 96 144 12 60 108 156 24 72 120 168 36 84 132 
and these angles appear in the slot star (Fig. Al-3). Note that 
between the vectors 1 and 2, which correspond to slots 1 and 2, 
lie the 3 vectors which correspond to the slots 5, 9, and 13; 
that between the vectors 2 and 3, which correspond to slots 2 
and 3, lie the 3 vectors which correspond to the slots, 6, 10, 
and 14, and so on, i.e., the winding creeps in the magnetic 
eld, It is necessary to distinguish between the angle between 
2 slots as given by Eq. Al-2 and the angle between 2 adjacent 


vectors d,. This latter angle is the magnetic-field angle be- 
tween the slots (coil sides) of the recurrent winding part; this 


angle determines the behavior of the winding with respect to its 
mmf and emf, i.e., this angle determines the distribution factors 
of the winding with respect to the main wave and harmonics. 


The magnetic-field angle is: 
a = 180 a 
nm Ne (Al-3) 
Ga is equal to da, only for the integral-slot winding. For the 
fractional-slot windings, Gm, is always smaller than a@,. The 
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a 
ratio = (see Eqs. Al-2 and Al-3) is equal to =~ i.e., between 2 , 
m 


adjacent slots of the slot star, for example, between slot 1 and 
2, there are N -1=d- 1) other slots (vectors). In Fig. 
Al-3, there are between 2 adjacent slots (4-1) =3 other vectors. 
Note that the slot star considered above refers to the main wave, 
since in Eqs. Al-2 and Al-3 an angle of 180° has been used for 
the pole pitch. 


Apparently the largest distribution factor for the main 


wave will be obtained when the first 5 vectors of the slot-star, 
Fig. Al-3, are assigned to phase A, the following 5 vectors are 
assigned to phase C, and the last 5 vectors to phase B, because 
the closer the slots which belong to each phase lie together in 
the slot star, the larger the distribution factor. Thus, in each 
recurrent part, phase A will occupy the slots l, 5, 9, 13, and 
2: phase C, the slots 6, 10, 14, 3, and 7: and phase B, the slots 
ll, 15, 4, 8, and 12. 

Consider the sequence of the slots in the slot star, Fig. 
Al-3. Starting with slot 1, the sequence of the slots follow 
the series 

1, 1+#4, 14¢2x4, 143x4, 1+4x4- 15 2.... 
Since the total number of slots in the recurrent part is equal 


to mN, this value (or multiple of it) is to be subtracted from 
the terms of this series if they become larger than aN. 


In general, the series is: 
1, 1+D, 1+ 2D, 14 3D... 1+ (3N-1)D (Al-4) 


where D is the difference between 2 slots which correspond to 2 
adjacent vectors of the slot star. In the example considered 
above, D = 4. 

This difference D can be found from the following considera— 
tion. If P denotes the number of full pole pitches between 2 
slots which correspond to 2 adjacent vectors of the slot star 
(in Fig. Al-3, P = 1), then there will be 





Dx a, = a, + 180 P 
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tee 


Inserting Q, and @, from Eqs. Al-2 and Al-3, there results 


D= wt (Al-5) 


: The smallest integer which makes D an integer must be used for P 


am =U hoa 


in this equation. P is equal to or larger than l. 


Having the value of D, it is very simple to lay out the 
winding. 


Al-3. The Layout of a Balanced Fractional-slot Lap Winding. 
The layout of a fractional-slot lap winding on the basis of the 


slot star will be demonstrated by an example. 


Assume p = 10, m= 3, q = 13 = g =] + z, i.e., d= 5, N= 
8. 5 poles make a unit (recurrent part). There will be, in 5 
poles, 3 x N = 24 slots, N * 8 for each phase. Each phase will 
have, per unit, n = 3 pole-phase groups with 2 single coils, and 
d-n= 5 - 3 = 2 pole-phase groups with one single coil. It 
follows from Eq. Al-5 that 


p= 2X8xP+1 _ 5 vith pal 


The N = 8 slots which belong to phase A,therefore, follow the 
series 

1 14D 142D 143D 4144D 145D-3N 146D-3N 147D-3N 

1 6 11 16 21 2 7 12 
or, arranged corresponding to the sequence of the slots in the 
machine, 

1-2 6-7 11-12 #16 21 
The 8 slots which belong to phase C are 
148D-3N 149D-3N 1410D-6N 1411D-6N 1+4+12D-6N 
17 22 3 8 13 


1413D-6N 1414D-6N 1+415D-9N 
18 23 4 

or, arranged corresponding to tne sequence of the slots in the 
machine, 

3-4 8 13 #=17-18 =~ # 22-23 
The 8 slots which belong to phase B are 

5 9-10 14-15 19-20 24 
Figure Al-4 shows the slot star of this winding. 


Starting with slot 1 and considering the slots assigned to 
the 3 phases, the first pole-phase group consists of slots 1 and 
2 and belongs to phase A. The second pole-phase group consists 
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of slots 3 and 4 and belongs to phase C. The third pole—phase 
group consists of slot 5 and belongs to phase B, and so forth. 


PHASE C 





Fig. Al-4. Slot star of a fractional-slot 
3-phase winding with q = 1 3/5. 


The sequence of the pole-phase groups in a recurrent part of the 
winding is 

22121 22121 22121 

A CBAC BAC BA C BAC B 


In the example considered, p = 10. Thus, the number of re- 
current parts is 5 = 19 = 2, and the sequence of the pole-phase 
groups around the stator is twice the sequence found for one re- 
current part. 


Note that the grouping found for one recurrent part consists 
of 3 repetitions of the grouping. 
2 2 1 #2 =21 
Therefore, it suffices to know the grouping of only a_ third of 
one recurrent part and to repeat this grouping 6 times. (An ex- 
planation of this fact is given below. ) 


The number of pole phase groups in one recurrent part, i.e., 
in d poles,is mx d = 3 x 5 = 15, and a third of this number is 
d = 5. Hence, in general, it is necessary to determine the se- 
quence of only d pole-phase groups, in order to know the sequence 
of all pole-phase groups around the winding. For a 3-phase wind- 
ing, the grouping of the d pole-phase groups repeats 3 x (5) 


times and, in 2-phase windings, 2 x ) times. 


The determination of the d pole-phase groups can be made on 
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the basis of the D-Series (Eq. Al-4), as just shown in the 
example. There is also a shorter way to find these pole-phase 
groups. 


Considering again at first the 3-phase windings, the first 
60° of the slot star are assigned to phase A, the next 60° to 
phase C, the next 60° to phase B, and so on. Then the _ first 


. 


consecutive slots, since al angles of a, are contained in 





60 
pole-phase group of phase A will consist of the first fe 


Ss 

the 60° angle assigned to phase A. (The 2 vertical lines indi- 
cate that the integral part of the quantity is to be taken.) One 
is to be added to go because the first slot of the star is de- 


s 
noted by 1 and assigned to phase A. The first pole-phase group 
of phase C consists of the 
60 
+ 1] - le, + 1 
s. 


120 
| 
next following consecutive slots. The first pole-phase group of 
phase B consists of the 








180 120 : 
q., + lj - a,| + 











following consecutive slots. The second pole-phase group of 


phase A consists of the 
80 
+ 1/- a_| +1 


consecutive slots and so on. Since a. = 180. (za. Al-2): 


24 


a, 








60 
a, = qgo™= 8 
60 _ 
2x G. = = 2q 
60 _ “ 
3x a. - = 3q 


and so forth.' Thus, the first pole-phase group of phase A con- 
sists of the first (|q| + 1) single coils. The first pole-phase 
group of phase C of the following (|2q! + 1) - (|qj/ + 1) single 
coils; the first pole-phase group of phase B of the next follow- 
ing (/3q! + 1) - (|2q} + 1) single coils, and so on. 
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Consider the same winding as before, namely, q = 13. In 
order to determine the number of single coils in the first 3 
pole-phase groups, write 


(a) q 2q 3q 

(b) 0 lq] +1 \2q] +1 (Sql +1 

(c) difference difference difference 
i.e., 

(a) 13 35 45 

(b) 0 141-20 341-4 441-5 

(c) 2 2 1 

A C 


This is in accordance with the result found from the D-series. 


Consider now the dth pole-phase group. Since q = 5 for 
this coil group, 
qd x 60 x 60 
aq, “Bo x ma = N 
i.e., the total angle d x 60, which corresponds to the dth pole- 
phase group, comprises an integral number of angles d, and, 
therefore, ends in a slot. Since the total angle d x 60 is a 
multiple of 60°, the slot in which the angle d x 60 ends isthe 
beginning of the following phase (see slot star Fig. Al-3 or 
Al-4) and, therefore, this slot is to be subtracted from the 
number of slots contained in d x 60°. Thus, the number of single 
coils (slots) of the dth pole-phase group is 


(d-1)x60 (d-1)x60 
(N-141) - a + 1 =N- { a + 











Consider now the (d+l)th pole-phase group. To this coil group 
corresponds the total angle (d+1) x 60° and the number of single 
coils of this pole-phase group is 


d+1)x60 
a +17, -N=N+# 
Ss 


The number of single coils of the (d+2)th pole-phase group is 


+1 














60 60 
aqa|+il-N= lia 
8 s 

















d+2)x60 d+1)x60 2x 60 
a. +i - q. 41; FIN +) a + 1f- 


Lee fale ap= {Pend +a} - [sl +3] 


i.e., the (d+l1)th pole-phase group has the same number of single 





678 


coils as the first pole-phase group, the (d+2)th pole-phase 
group has the same number of single coils as the second pole- 
phase group, and so on. It follows from this that the coil 


grouping starts repeating after the dth pole-phase group. This 


explains why the grouping for only d pole-phase groups is to_be 
determined, Thus, it is sufficient to write 


(a) q 2q 3q.......dq(=N) 
(b) 0 lq|+1 \2q| +1 IS3ql41.....dq (A1-6) 
ee | 


Swererermtmarygeenencl “ay, pa eel 
(c) difference difference difference difference 
The differences represent the coil grouping for N slots. Since 


the slot star contains mN slots, the grouping obtained is to be 
repeated m times in order to get the grouping of one repeatable 
part. Since there are 5 repeatable parts, the grouping obtained 
for d pole-phase groups must be repeated (mx9) times in order to 
obtain the coil grouping for the whole winding. 


Applying this to the example with m= 3, q = 1g,N=8, d=5, 


(a) 1g 33 48 6 8 
(bo) O 2 4 5 7 8 


(c) 2 2 1 2 1 
This is the same grouping as obtained before from the D-series. 
For p = 10, repeat this grouping (3 x 12) = 6 times. 
The considerations applied to the 3-phase windings apply 


also to the 2-phase windings. The first pole-phase group of the 


2-phase winding consists of the first | a. + 1 consecutive slots. 
s 


The second pole-phase group consists of the next following 














180 +1/- a” + 1] consecutive slots, and so on. 
s s 
Since 0, = 480, 
90 
— . 90 es 
= x = 
ae iso * ™~ 4 
2 = = = 2 
a - «4 
90 
3xa = = 3q 
s 


and so on. This is the same as for the 3-phase windings. Fur- 
thermore, 
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dx 90-420 yaqey 


Therefore, the same scheme is to be applied as for m= 3 in or 
der to determine the number of single coils in the d pole—phas 


groups. 

A further simplification in the layout of balanced frac- 
tional-slot lap windings with maximum distribution factor of the 
main wave is based on the following considerations: 


Consider a 3-phase winding with q = 2, N= 13, d = 5. The 
grouping of this winding is 
(a) 2 6st 7p) ks 
(b) 0 3 § 8 ll 13 
(c) 3 3 2 3 2 
Comparing this grouping with that determined for q = 1z, i.e., 
2 2 ] 2 1 
it is found that the sequence of the larger and smaller pole- 
phase groups is the same. 


In general, if the number of slots per pole per phase is 
written as q=I1+# 4» the sequence of the larger and smaller 
groups does not depend on the value of the integral part of q, 
i.e., I, but it depends only upon the values of n and d. If the 
distribution has been determined for a certain value of I, say 
fer I = 1, the distribution for I = 3 is found by adding 2 = 
(3-1) to all numbers of the distribution for I = 1. Thus, the 
sequence of the larger and smaller pole-phase groups can be de- 
termined for I = O, and then the same sequence applies to I = l, 
2, 3, 4.... The value of I determines then the number of single 
coils in the pole-phase groups. The distribution found for I 2 
0 yields coil groups with 1 and 0 single coils. Adding 1 to all 
figures of the distribution for I=0, the distribution for I=1, 
is found; adding 2 to all figures of the distribution for I = 0, 
the distribution for I = 2, is found, and so on. 


In order to determine the distribution for I = 0, 
(a) Write the series a 2a) 34 se es 
(b) Add 1 to all integers of the (a) series except to the 
last number, qq =n, 
(c) Write 0 to the left of the (b) series and determine 
the difference between adjacent numbers. 
(d) Add to all numbers of the (c) series the value of I. 
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The last series represents the coil grouping of the ith part 
of a repeatable part. Repeat (m x 9) times in order to reet the 
pole-phase group distribution for the whole winding. 


{Free the coil distribution for a? ue coil distribution for 
qa can be easily found by writing the 4 distribution back- 
wards and changing the ones to zeros and the zeros’ to ones 
Consider, for example, 4 = 3 . For these values of n and d the 
distribution is 


1 0 0 1 0 0 90 


For d-n-7-2.- 


>, the distribution is 

1232 #1212 0 1 21 0 

The simplified method of laying out balanced fractional- 
slot lap windings with maximum distribution factor of the main 
wave described in the foregoing has been used to derive Tables 
4-1 and 4-2 for m = 2 and m = 3, respectively. 


Al-4. Beginnings of Phases. Consider Fig. Al-4 which 
represents the slot star of a 3-phase winding with q = iz. The 
first N= 8 slots (vectors) of the slot star are assigned to 
phase A, the following 8 slots (vectors) to phase C, and the 
last 8 slots (vectors) to phase B. Since the sequence of geo- 
metric addition of several vectors is of no influence on the re- 
sultant vector, any of the 8 slots of a phase can be taken as 
the beginning of the phase. However, care must be taken that no 
phase_is_ reversed, i.e., the beginnings of the phases must lie 
approximately 120° and 240° apart and not approximately 60° and 
120° apart. Thus the beginnings of the phases can be placed in 
the slots 1, 5, and 8, each of which belongs toa different 
phase. 


The angle between 2 slots is (Eq. Al-2): 
aq@ - 180 x 5 - O 
8 3x8 37.5 


and the angles between the beginnings of the 3 phases are then 
(5-1) x 37.5 = 150° and (8-1) x 37.5 = 262.5°. In a  3-phase 
winding with q = 7; the beginnings of the phases can be placed 
in the slots 1, 4, and 6, which are 144° and 240° apart (see 
also Art. 4-11). These windings are balanced, i.e., their 3 
emf's are equal and the angles between them are 120° and 240°, 
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despite the fact that the angles between the beginnings of tk 
phases are not equal to 120° and 240°. 


In 2-phase windings, the beginnings of the phases amust lie 
approximately 90° apart, i.e., the beginnings of any 2 consecutit 
pole-phase groups can be chosen as phase beginnings (see als 
Art. 4-9). 


Al-5. Conditions for Balance. It has been mentioned in 
Art. Al-l that, when d is divisible by the number of phases 3, 
the winding is unbalanced, i.e., the emf's and mmf's of the dif- 
ferent phases have unequal magnitudes and the angles betwees 


them are not equal to 90° when m = 2, or 120° and 240° when g-i 


Consider a 3-phase winding with q = 25, i.e., N=8 and d=3 
d is divisible by the number of phases 3. Applying ka. 


Al-5, 
p= 3x8xP+1ligp,y] 


Since P is an integer, D cannot become an integer, i.e., K. 
Al-5 fails in this case. It will be shown in Appendix 3 _ that 
the kind of slot star, shown in Figs. Al-3 and Al-4, is no 
applicable in this case. When d is divisible by m, the wind- 
ing is unbalanced. 


A further condition for balance is that the total number 0 
slots, S, is divisible by m, i.e., 


S = pam = = = j 
a aoe EN integer 


Since N and d have no common divisor (see Eq. Al-1), the secom 
condition for balance means that the number of poles must be 
divisible by d. 


Thus, the conditions for balance are 


fi = integer 


d= integer 
| (Galea 


(Al-7) 


The number of repeatable parts in each phase, and therefore the 
maximum possible number of parallel circuits, are equal to §. 
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APPENDIX 2 


BALANCED FRACTIONAL-SLOT LAP WINDINGS LAID OUT 
WITH RESPECT TO HARMONICS 
(Windings with cyclic coll shift and doubly chorded windings) 


The balanced fractional-slot lap windings considered in Ap- 
pendix 1 were laid out with respect to the main wave, i.e., in 
such a manner that a maximum distribution factor is obtained for 
this wave. This layout yields, then, fixed values for the dis- 
tribution factors of the individual harmonics. Under certain 
conditions it is desirable to avoid one or a few emf or mnf har- 
monics. In this case, the winding is to be laid out with respect 
to this specific harmonic or these specific harmonics. 


Two ways are available: first, a cyclic shift of coils from 
phase to phase within the same repeatable winding part, and, 
second, a shifting of repeatable winding parts with respect to 
each other. Both ways will be explained. 


A2-1. Cyclic Shift of Coils from One Phase_ to the Other 
Within the Same Repeatable Part, Fig. A2-1 shows the slot star 
of a 3-phase, 20-pole winding with q = 17/5 = 3 2/5. For this 
winding, N = 17 and d = 5. Furthermore (Eq. Al-5), 


PHASE C 


o Oo 
Oo 6 $7 37 oO 
0° 5 40 ere "7 146 55 
pe 1s 36 O 





28 1s O 
q 
9 O 
v + # *O. * 
yt 00, * 
g +3 30 
3 20 ° 
+; 10 
2 
+ 12 «0 
+ 22 70 
+ 32 2O 
+ 42 ”O 
+ 1 


Slots assigned to phase A. 
Slots assigned to phase C, 
© = Slots assigned to phase B. 


Fig. A2-1. Basic slot star of a 3-phase fractional- 
slot winding with q = 3 2/5. 


+ 
CL) 
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p= 3x 17xP+liog with p= 4 


The slot star comprises mN = 3 x 17 = 51 slots. If the first 17 
slots are assigned to phase A, the following 17 slots to phase 
C, and the last 17 slots to phase B, the layout with respect to 
the main wave, considered in Appendix 1, is obtained. This type 
of a layout will be denoted as' the basic one, and the’ layout 
with cyclic shift of coils will be referred to it, or compared 
with it. (Note that the slots of phase A are indicated by 
crosses, those of phase C by rectangles, and those of phase B by 
circles. ) 


Fig. A2-2 shows the slot star of Fig. A2-l1 but with slots 
4, 38, and 21 symmetrically shifted. Slot 4 of phase A is as- 
signed to phase C, slot 38 of phase C is assigned to phase B, 
and slot 21 of phase C is assigned to phase A. The 3 slots, 4, 
38, and 21, all lie next to the last slots of the basic slot 
star (Fig. A2-1). 


The cyclic shift normally aims at such a sequence of the 
pole-phase groups in each phase that the larger (or smaller) 
groups are not concentrated but dispersed among the smaller (or 
larger) groups. Consider phase A of Fig. A2-1. The slots as- 
Signed to this phase A are: 


PHASE C 
oFD9[900a,5, 


O 
\ 52 pepe he Nas Oe 
we os 3 38 O 


Os? we 00, 
+ “ss oO 
+ 26 2O 
Vv + 36 "Oo 
& + 70 
+ xO 
+ 43 40 oO 
+ 23 30 
33 200 
+ 43 70 
+ 2 s,O 
+ 12 «eO 
+ 22 3209 
+ 32 a+ 
+ 42 ”*O 
+ 1 


Oy = Slots assigned to phase A, 
= Slots assigned to phase C. 
O= Slots assigned to phase B. 
Fig. A2-2. Slot star of the 3-phase winding shown 
in Fig. A2-l1 with one cyclic shift. (Slots 4, 38, 
and 21 are shifted). 
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1-2-3-4 12-13-14 22-23-24 32-33-34 42-43-44-45 

and the sequence of the pole-phase groups is: 

4 3 3 3 4 
i.e., all the smaller groups lie together. Consider now the 
same phase in Fig. A2-2 in which slot 4 is replaced by slot 21. 
The slots now assigned to this phase are: 

1-2-3 12-13-14 21-22-23-24 32-33-34  42-43-44-45 

and the sequence of the pole-phase groups is: 

3 3 4 3 4 
i.e., the concentration of the smaller groups is avoided. This 
has been achieved by breaking up the first pole-phase group with 
4 single coils. 


The cyclic shift of coils within the same repeatable part 
reduces the distribution factors of some of the harmonics and 
increases the distribution factors of the others. The distribu- 
tion factor of the main wave is always decreased in comparison 
with the basic slot distribution. In order to reduce a certain 
harmonic, several slot sequences, obtained by different cyclic 
shifts, must be investigated, i.e., the trial-and-error method 
is to be used. 


The cyclic shift which is necessary and possible, in order 
to avoid concentration of larger or smaller pole-phase groups, 
can be found by the following method: 

(a) Write the D-series for phases A, C, and B one above the 

other. 

(b) Write, for phase A, the d-pole-phase groups as they 
follow each other in the machine. 

(c) Break up a larger pole-phase group in phase A and check 
whether the slot removed from phase A can be replaced 
by a slot of phage B or C, lying in the same column, in 
order to achieve the desired result. 

This will be explained by several examples. Note that the 
D-series of phase C is obtained from that of phase A by adding 
to all numbers of phase A the number N(D - integer x m) ® N or 
2N, and that the D-series of phase B is obtained from that of 
phase C by adding the same number to this latter series. 

First example: 

As the first example, the winding shown in Fig. A2-1 will 

be considered. For this winding, N = 17 and D = 41. The number 
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which is to be added to the D-series of phase A, in order to ob- 
tain the D-series for phase C, and to the latter D-series, iz 
order to obtain the D-series for phase B, is: 
17 (41 - integer x 3) = 17 (41 - 39) = 17x 2 = 34 

The 3 D-series are, therefore: 

Phase A...1 42 32 22 12 2 43 33 23 13 3 44 34 2414 4 45 

Phase C..35 25 15 5 46 36 26 16 6 47 37 2717 7 48 38 28 

Phase B..18 8 49 39 29 19 9 50 40 30 20 10 51 41 31 21 11 
and the grouping of phase A is: 

1-2-3-4 12-13-14 22-23-24 32-33-34 42-43-44-45 

There are 3 concentrated smaller groups and 2 larger. In order 
to avoid the concentration of the smaller groups, one’ larger 
group must be broken up, and one smaller group must be converted 
into a larger. 


Starting with the first larger pole-phase groups (slots l, 
2, 3, 4) and removing 4 from it, the slots 38 and 21 can be ob- 
tained as substitutes. Slot 38 from phase C does not fit into 
phase A, because it would make a sixth pole-phase group with a 
single coil. Slot 21 from phase B gives a 4-coil group with 
slots 22, 23, and 24 and the grouping becomes: 

1-2-3 12-13-14 21-22-23-24 32-33-34 42-43-44-45 
as desired. Moving slot 21 from phase B into phase A  necessi- 
tates the shift of slot 4 from phase A into phase C and of slot 
38 from phase C into phase B, as shown in Fig. A2-2, in order 
that the winding be balanced. The cyclic shift thus made goes 
clockwise. 


If, instead of the first larger pole-phase group of phase 
A, the second larger group of this phase (slots 42, 43, 44, 45) 
is broken up, for example, by removing slot 42 from phase A, the 
slots 25 and 8 are obtained as substitutes. Slot 8 from phase B 
does not fit into phase A, because it would make a sixth pole- 
phase group with a single coil. Slot 25 from phase C gives a 4- 
coil group with slots 22, 23, and 24, and the grouping becomes: 

1-2-3-4 12-13-14 22-23-24-25 32-33-34 43-44-45 
as desired. Moving slot 25 from phase C into phase A makes it 
necessary to move slot 42 from phase A into phase B and slot 8 
from phase B into phase C, inorder that the winding be balanced. 
The cyclic shift made goes counter-clockwise. 
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When a cyclic shift goes clockwise, a slot of phase B is 
substituted for the moved-out slot of phase A, and, when a cyclic 
shift goes counter-clockwise, a slot of phase C is substituted 
for the moved-out slot of phase A. 


Sometimes more than one cyclic shift leads to the desirable 
solution. Consider, for example, slot 45 of phase A, If this 
slot is moved out, slots 28 and 1l are available as substitutes. 
Slot 28 does not fit into phase A. Slot 11 makes a 4-coil group 
with slots 12, 13, and 14, but nothing is gained, because again 
3 pole-phase groups with 3 single coils each are together, name- 
ly, the groups (22, 23, 24), (32, 33, 34), and (42, 43, 44). 
However, if a second cyclic shift is made by moving out coil 14 
from phase A, and substituting for it slot 31, the grouping of 
phase A becomes: 

1-2-3-4 11-12-13 22-23-24 31-32-33-34 42-43-44 
as desired. Both cyclic shifts go clockwise. 


The more cyclic shifts that are made, the smaller becomes 
the distribution factor of the main wave. Therefore, the number 
of cyclic shifts applied, in order to get the desirable grouping, 
should be as small as possible. However, solutions with differ- 
ent coil groupings in the phase are obtained, when different 
numbers of cyclic shifts are applied (see the example), and it 
may happen that the solution with the larger number of shifts 
reduces the undesirable harmonic more than the solution with the 
smaller number of shifts. 


The grouping of only phase A has been examined in the fore- 
going considerations. If the shift is made symmetrically (cyclic), 
i.e., by using the same column of the 3 D-series, the results 
obtained for phase A apply also to the 2 other phases. Symmetri- 
cal (cyclic) shifting is necessary in order that the winding be 
balanced. 


Second example: 
As the second example, a 3-phase, 14-pole winding with q = 


23 will be considered. For this winding, N = 18, and 


p= 3X18 xP+tlios) with P= 4 


Furthermore, N(D - integer x m) = 18 (31 - integer x 3) = 18. 
The 3 D-series, therefore, are: 
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Fig. A2-3. Slot star of a 3-phase fractional-slot 
winding with q = 2 4/7, p = 14, and 3 cyclic shifts. 


Phase A...1 32 9 40 17 48 25 2 33 10 41 18 49 26 3 34 11 42 
Phase C..19 50 27 4 35 12 43 20 51 28 5 36 13 44 21 52 29 6 
Phase B..37 14 45 22 53 30 7 38 15 46 23 54 31 8 39 16 47 24 
and the grouping of phase A is: 

1-2-3 9-10-11 17-18 25-26 32-33-34 40-41-42 48-49 
Applying 3 clockwise going cyclic shifts, as shown in Fig. A2-3, 
the following grouping for phase A is obtained: 

1-2-3 9-10 16-17-18 25-26 $=‘31-32-33 40-41-42 47-48 
It has less concentration of larger pole-phase groups than the 
basic grouping. 


A2-2. Shifting of Repeatable Winding Parts with Respect to 
Each Other (Second Chording). As an example for shifting repeat- 
able parts, the 3-phase, 20-pole winding shown in Fig. A2-1 will 


be considered. For this winding, q = 3g, N= 17, d = 5, and D = 
41. There are 40 = 4 repeatable parts. 


The N = 17 slots which belong to phase A in the first re- 
peatable part are, for the basic layout: 
l1 42 32 22 12 2 43 33 23 13 3 44 34 24 #14 4 45 
The 17 slots which belong to phase A in the’ second recurrent 
part are obtained from those in the first part by adding to all 
numbers of the latter mN = 3 x 17 =.5l. Thus the slots belong- 
ing to phase A in the’ second repeatable part are, for the basic 
layout: 
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52 93 83 73 63 53 94 84 74 64 54 95 85 75 65 55 96 
The angle between 2 consecutive slots (vectors) of the slot star 
is d,, (see Eq. Al-3). In order to produce a shift of the second 
recurrent part with respect to the first part equal to an angle 
3d, for example, the slots of the second repeatable part as- 
signed to phase A must be (see Fig. A2-4) 

73 63 53 94 84 74 64 54 95 85 75 65 55 96 86 76 66 
i.e., the first 3 slots of phase C are to be assigned to phase 
A, the first 3 slots of phase B are to be assigned to phase C, 
and the first 3 slots of phase A to phase B, The resultant emf 
and mmf of the first recurrent part are then shifted by the angle 
3G, with respect to the resultant emf and mmf of the second re- 
current part. 


The normal chording can be considered as a shift of the 
lower layer with respect to the upper layer. The normal chord- 
ing makes it necessary to introduce the pitch factor. The shift- 
ing of repeatable winding parts with respect to each other has 
the same effect as the shifting of the lower layer with respect 
to the upper layer and necessitates the introduction of a second 
pitch factor. For this reason, the windings with shifting of 
recurrent parts with respect to each other are called doubly 
chorded windings. 


While the cyclic shift of coils within the same repeatable 
part changes the distribution factors of the main wave and the 
harmonics, the shifting of repeatable parts with respect to each 
other introduces a second pitch factor, which reduces the magni- 
tudes of the main wave and the harmonics without influencing 
their distribution factors. The windings with the shift of re- 
peatable parts are laid out for maximum distribution factor of 
the main wave, 


The winding of Fig. A2-4 has 4 recurrent winding parts but 
only 2 of them are shown in the figure. The fourth winding part 
is to be shifted with respect to the third the same number of 
angles aq, as the second part is shifted with respect to the 
first. The first and third parts and the second and fourth 
parts have then the same position in the slot star, respectively. 
The shift in Fig. A2-4 is made clockwise. It can also be made 
counter-clockwise. In this case, for a_ shift that equals 3a, 
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+ = Slots assigned to phase A. 
LJ = Slots assigned to phase C. 
© = Slots assigned to phase B. 


Fig. A2-4. Slot star of the 3-phase winding of Fig. A2-1 
with the second recurrent part shifted 3a_ with respect to 
the first part. = 


the last 3 slots of phase A (65, 55, 96) are assigned to phase 
C, the last 3 slots of phase C (99, 89, 79) are assigned to phase 
B, and the last 3 slots of phase B (82, 72, 62) are assigned to 


phase A. 


The shifting of repeatable winding parts with respect to 
each other reduces the maximum possible number of parallel cir- 
cuits. The winding of Fig. A2-4 can have only 2 parallel paths 
in each phase, while the basic layout may have 4 parallel paths. 
When it becomes necessary to reduce several harmonics, the cyclic 
shift of coils within the same repeatable winding part and the 
shift of repeatable winding parts with respect to each other can 
be combined. In this case, first the cyclic shift is to be made 
and the corresponding slot distribution determined, and then the 
parts shifted with respect to each other. 
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APPENDIX 3 


BALANCED FRACTIONAL-SLOT WAVE WINDINGS WITH 
SINGLE AND DOUBLE CHORDING 


A3-1. The D-Series and the y-Series, Any fractional-slot 
winding which can be laid out as a balanced lap winding can al- 


so be laid out as a balanced wave winding. Thus, if the condi- 
tions for balance of a lap winding, given by Eq. Al-7, are sat- 
isfied, the wave winding will be balanced. 


The layout of a fractional-slot wave winding is always made 
with respect to the main wave, i.e., for maximum distribution 
factor of this wave (see Art. Al-3). The cyclic shift of coils 
from one phase to the other within the same repeatable part can- 
not be applied here. The slots belonging to the 3 phases can be 
obtained either from the slot star or from the D-series by as- 
Signing the first N_ slots (q = ) to phase A, the following N 
Slots tophase C, and the last N slots to phase B (see Art.Al-3). 


With 2 conductors per slot, one in each layer, the slot 
star shows the position in the magnetic field of not only the 
slots but of the upper and lower conductors as well. Making at 
first the assumption that there are only 2 conductors per slot, 
2 consecutively connected upper conductors of a lap winding lie 
in adjacent slots; for example, in slots 1 and 2 or slots 3 and 
4, and so on. This is not the case with the wave winding. In 
the latter, 2 consecutive upper conductors must lie y slot 
pitches apart, where y is the winding pitch measured in slot 
pitches, i.e., the consecutive upper (or lower) conductors of 
the wave winding must follow the y-series 

1, l+y, 1+42y, 14 3y... (A3-1) 
The slots assigned to a phase follow the D-series, and their 
sequence around the machine must follow the y-series. The prob- 
lem of laying out a balanced wave winding consists in the co-or- 


dination of the D-series and the y-series of the winding. 


A3-2. The Winding Pitch. The winding pitch must be equal 
to approximately 2 pole pitches. With 2 conductors per slot, 
the number of upper (or lower) conductors in d pole pitches is 
mN, and the winding pitch must deviate from B¥5,1.e., it must be 
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y = ota (A3-2) 


where a is the smallest integer which makes y an integer; a_ can 
be positive or negative. It will be shown in the next Article 
that the magnitude of a determines the kind of co-ordination of 
the D-series and y-series and through it the number of winding 
parts in each phase. Furthermore, it will be shown that the 
sign of a determines whether the winding goes in the same direc- 
tion as the numbering of the slots (cw) or opposite to it (ccw). 


Eq. A3-2 can be written as (see Eq. Al-1) 
y = nite d 2 = 2mq + 5 = Qml + 2m4 + 5 (A3-2a) 


For 3-phase windings, 
y = 61 + Sota (A3-3) 


Since y must be an integer, then (6n + a) must be an integer, 
i.e., the magnitude and sign of a do not depend upon the integral 
part of q but only upon the fraction rE As an example, a will 
be the same for q = lx, 22, 3z,... Table 7-44 gives the magni- 
tudes and signs of a for different fractions ae 


The winding pitch y is to be divided into the back pitch Yp 
and front pitch Yr» SO that y = Yh + Ye 


A3-3. Layout of a_Singly Chorded, Balanced, Fractional- 


slot Wave Winding. As in the balanced fractional-slot lap wind- 
ing, the number of repeatable windings parts is 5 (Eq. Al-7) 
therefore, the number of slot stars is also i. 


Due to the fact that each 5 coils of the wave winding g0 
around the whole rotor or stator, the consideration of the wave 
winding cannot be limited to one repeatable part but must cCom- 
prise all § repeatable parts, This means that in the case of 
the wave winding all E slot stars, or, what is the same, all f 
D-series, must be considered simultaneously. If the slots of the 
winding are numbered by consecutive digits, the slot star of the 
second repeatable part is obtained from the slot-star of the 
first repeatable part by adding the quantity mN to all numbers 
of the latter slot star. The same applies to the D-series. When 
the first D-series is set up, the second D-series is obtained by 
adding mN to the numbers of the first series, the third by add- 
ing mN to the numbers of the second D-series, and so forth. The 
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5 D-series represent the upper (or lower) conductors of the whole 
winding. 


The vectors of the 5 slot stars coincide, i.e., if the D- 
series are written one above the other, the E conductors which 
lie in the same column are _in phase and can be substituted one 


for the other, This fact makes it possible to lay out balanced 
wave windings. 


The method of laying out a balanced,fractional-slot, singly 
chorded wave winding and the influence of the magnitude and sign 
of a (Eq. A3-2) will be demonstrated by several examples. 

(a) a=e¢4l1.,. 

It follows from Eqs. Al-4 and A3-1l that in this case y = 
D, i.e., the y-series and the D-series are identical. Therefore, 
the winding can be made up by using the consecutive vectors of 
the slot star or their in-phase vectors, or what is the same, 
by using the consecutive numbers of the E D-series. 


The 3-phase winding shown in Fig. A3-1 is an example for 
a= 41. For this winding q = 1g, N= 9, d= 5. From Eq. Al-5 
p=S2*9xP +1 4) 
2k pt 


with P = 2 
and from Eq. A3-2 
y = SEB+82 11 = Dwitha=+1 


Assuming that the machine has 10 poles, there are 0 = 2 D- 
series. They are, for phase A, 


PHASE C 





6 2 


Fig. A3-1. Slot star of a 3-phase fractional-slot 
winding with q = 1 4/5 and p = 10, showing the 
position of the vectors of the 2 D-series. 
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1 12 23 7 18 2 13 24 8 

28 39 SO 34 45 29 40 51 £35 

Hence the 2 y-series, i.e., the 2 winding parts of phase A, are 

1 12 23 34 45 2 13 24 #35 

28 39 50 7 #18 29 40 51 += «8 

In setting up the y-series, use has been made of the fact that 

conductors lying in the same column are in phase and can be sub- 

stituted for each other. The winding progresses clockwise, i.e., 
with the numbering of the slots since a is positive. 


D-series 


y-series 


(b) a = -l, 

In this case, y = mN - D and the y-series will be found in 
the slot star or the D-series running opposite to the numbering 
of the slots. Consider a 10-pole, 3-phase winding with q = 2b. 
For this winding N = ll, d = 5, and 


p= S82 P +1 = 99 with P= 3 
y = 8x1 +28 = 13 with a = -1 


y = @N - D = 33 - 20 = 13 


The D-series Of this winding, for phase A, are 
1 21 8 28 15 2 22 9 29 16 3 
34 54 41 61 48 35 55 42 62 49 36 
Considering these series, the y-series is found going from the 
right to the left. For example, in the first D-series, 
3, 3413 = 16 
16 + 13 = 29 
29 +13 = 42 - mN = 9... 
This winding progresses counter-clockwise,since a_ is negative. 
The 2 y-series, i.e., the 2 winding parts of phase A, are 
1 54 41 28 15 2 55 42 29 16 3 
34 21 8 61 48 35 22 9 62 49 36 


D-series 


y~series 


(c) a = + 2. 

In this case, y = 2D and the y-series is represented by the 
alternate numbers of the D-series. This leads to twice as many 
parts in each phase as for the case a = +l. The winding pro- 
gresses clockwise, since a is positive. Consider a 10-pole, 3- 
phase winding with q = 33. For this winding N = 18, d = 5, and 


694 


p= 24a P+) = 1) with P= 1 
y = SEIS +8 = 92 with a = 42 


y = 2D = 22 
The D-series of this winding for phase A, are 
1 12 23 34 45 213 24 35 46 3 14 25 36 47 415 26 D-series 
55 66 77 88 99 56 67 78 89 100 57 68 79 90 101 58 69 80 
The 4 y-series, i.e., the 4 winding parts of phase A, are 
1 23 45 67 89 3 25 47 #69 
12 34 56 78 100 14 #36 #58 80 
95 77 99 13 35 57 79 101 15 
66 88 2 24 46 68 90 4 26 
The first and second winding parts are not in phase and must be 
connected in series. The same applies to the third and fourth 
winding parts. When N is odd, the first and third winding parts 
have one coil more than the second and fourth winding parts. 


y-series 


(d) a = - 2 and a >2., 

In the case a= - 2, y = 2(mN-D), the y-series is re- 
presented, as in the case a = + 2, by the alternate numbers of 
the D-series. However, in this case, the y-series runs opposite 
to the D-series, similar to the case a = - l, and the winding 
progresses counter-clockwise. Also, whena>2, the winding 
progresses clockwise when a is positive, and counter-clockwise 
when a is negative. In general, for any value of a, the number 
of parts of each phase is § xa. 

The assumption has been made that there are only 2 con- 
ductors per slot. If the number of conductors per slot is larger 
than 2, the winding can be considered as one having a number of 
slots equal to the actual number of slots times the number of 
conductors per slot per layer. This makes each slot have only 2 
conductors and the rules for laying out the wave winding given 
above can be applied (see Art. 7-1). Further information on the 
layout of balanced fractional-slot wave windings and more ex- 
amples are given in Arts, 7-4 to 7-13. 


The fractional-slot wave windings explained above are bal- 
anced and have the same emf- and mmf-curves as the corresponding 
fractional-slot lap windings because the same slots are assigned 
to the 3 phases in both kinds of windings. Also,the maximum 
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possible number of parallel paths is the same as for the frac- 
tional-slot lap windings. 

Comparing the wave windings explained here with the modi- 
fied d-c windings treated in Chapter 6, the latter have only 2 
winding parts per phase independent of the number of poles. 
The number of winding parts per phase of the windings considered 
here depends upon the magnitude of a, On the other hand, the 
modified d-c windings have abnormal-front pitches after each 5 
coils, while in the windings considered here all coils have 
equal-front pitches. 


A3-4, Doubly Chorded Balanced Fractional-slot Wave Wind- 
ings. The shifting of repeatable winding parts with respect to 


each other, as explained in Art. A2-2 for the fractional-slot 
lap windings, can be applied also to fractional-slot wave wind- 
ings. This is due to the fact that the latter windings are laid 
out in the same manner as the fractional-slot lap windings with 
maximum distribution factor of the main wave (see Art. A3-1). 


As mentioned in Art.A2-2, the shifting of repeatable parts, 
i.e., the second chording, is made in order to reduce undesir- 
able harmonics. The even parts (2, 4...) are moved with respect 
to the odd parts (1, 3...) by a certain number of consecutive 
vectors of the slot star, i.e., by a certain number of magnetic 
field angles a, (Eq. Al-3). This number of angles @, will be 
designated by k. The cases a = +1 and a = + 2 (see Eq. A3-2) 
will be considered. As in the case of the singly chorded wind- 
ings (Art. A3-3), the magnitude of a determines the number of 
winding parts (waves) in each phase, and the sign of a determines 
whether the winding progresses clockwise or counter-clockwise. 


(a) a=¢41, 

In order to lay out a doubly chorded winding for this case, 

the following rules are to be followed: 

1. Apply the 5 rules (a to e) given in Art. 7-9 for singly 
chorded windings with a = +l. 

2. Determine also for phases C and B the 5 y-series, i.e., 
the conductors belonging to the F waves, one wave above 
the other, 

3. Add k conductors following the y-series to _ the end of 
the first wave of phase A. 
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4. 


3. 


Omit k conductors at the beginning of the second wave 
of phase A. 

Consider the first 2 waves for phase C, If the k con- 
ductors added to the first wave of phase A lie in the 


second wave of phase C, then treat the first 2 waves of 


phase C in the same manner as those of phase A. On the 
other hand, if the k conductors added to the first wave 
of phase A lie in the first wave of phase C, then k 
conductors are to be added to the end of the second 
wave and subtracted from the beginning of the first 
wave, 

Consider phase B and treat it with respect to phase C 
in the same manner as phase C has been treated under (5) 
with respect to phase A, 

Wind, in each wave pair, first the N + k conductors of 
the larger wave and connect by a reversing jumper the 
last conductor of this wave with the last conductor of 
the smaller wave consisting of N - k conductors. Then 
wind the latter wave in a direction opposite to that of 
the larger wave. 


The total number of waves in each phase is ce Since the 


waves are connected by pairs in series, the maximum number of 
parallel circuits is oy i.e., half of the number of parallel 


circuits of the singly chorded wave windings. 


The procedure will be demonstrated with the 3-phase, 10- 
pole winding with q = 2g considered under (b) in Art, A3-3. The 


winding progresses counter-clockwise, for a=- l. 


of both repeatable parts are for phase A 


The y-series 


1 54 41 28 15 2 55 42 29 16 3 y-series 

34 21 8 61 48 35 22 9 62 49 36 

for phase C 
23 10 63 50 37 24 11 64 S51 38 25 y-series 
56 43 30 17 4 S57 44 #31 18 £5 58 

and for phase B 
12 65 52 39 26 13 66 53 40 27 14 y-series 
45 32 19 6 59 46 33 20 7 60 47 


The 2 waves of each 


other by k = 3 angles ae 


phase will be shifted with respect to each 
The waves of the 3 phases become 
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1 54 41 28 15 2 55 42 29 16 3 56 43 30 
61 48 35 22 9 62 49 36 


23 10 63 50 37 24 11 64 51 38 25 12 65 52 
17 4 57 44 3118 5 58 
39 26 13 66 53 40 27 14 phase B 
45 32 19 6 59 46 33 20 7 60 47 34 21 8 
Corresponding to k = 3, 3 conductors (56, 43, 30) are added at 
the end of the first wave of phase A. These 3 conductors follow 
the y-series (3 + 66 - 13 = 56, 56 - 13 = 43, 43 - 13 = 30). In 
phase C these 3 conductors lie in the second wave, and, there- 
fore, to the end of the first wave of phase C 3 conductors also 
are added (12, 65, 52). Since 3 conductors are added to the ends 
of the first waves of phases A and C, 3 conductors are omitted 
at the beginnings of their second waves (34, 21, 8, and 56, 43, 
30 respectively). Considering phase B, the 3 slots (12, 65, 52) 
added to the end of the first wave of phase C lie in the first 
wave of this phase. Therefore, 3 slots (34, 21, 8) are added to 
the end of the second wave of phase B, and 3 slots are omitted 
at the beginning of its first wave. 


phase A 


phase C 


If it is assumed that Yp = 6 and Ye = 7 and that the y- 
series represent lower conductors, then, in phase A, lower con- 
ductor 30 is connected to upper conductor 24 and lower conductor 
36 is connected to upper conductor 30. Upper conductors 24 and 
30 are to be connected by a reversing jumper, and the smaller 
wave is wound opposite to the larger wave. The same applies to 
the 2 other phases, 

(b) a = + 2. 

Since in this case the y-series are represented by alternate 
numbers of the D-series, each phase consists of 2 parts and each 
part of 5 waves. Each part is to be treated separately. The 
smallest shift of the y-series with respect to each other is . 
here 2 xa) i.e., the shift angle is twice the value of k, The 
following rules must be followed for the layout of this winding: 

1. Apply the6rules (a to f) given in Art. 7-10 for singly 

chorded windings with a = +# 2. 

2. Determine also for phase C and B the 5 y-series of both 

windings. 

3. Write for the 3 phases, separately, the 5 y-series of 


the first winding part. 
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4. Apply rules 3, 4, 5, and 6 given for the case a = +l. 
5. Connect in pairs the longer and shorter waves, the nun- 
ber of conductors of which differ by 2k,by reversing 
jumpers. 
6. Repeat the same for the second winding part. 
The maximum possible number of parallel paths is, as for the 
case a = +1, are i.e., half of the number of parallel paths of 
the singly chorded winding. 


As an example, a 3-phase, 10-pole winding with q = 2g will 
be considered. For this winding N = 12, d = 5, and from Kgs. 
A1-5 and A3-2 


p= Sex P+) = 99 with P= 4 


y = SRM +28 = 14 with a = -2 
The = 2 D-series of phase A are 

1 30 23 16 9 2 31 24 #17 #10 3 32 

37 66 59 52 45 38 67 60 53 46 39 68 

and the 5 X a = 4 waves, i.e., the 4 y-series of phase A, are 

1 59 45 31 17 ~= 3 

37 23 9 67 53 39 


30 16 2 60 46 32 
66 52 38 24 10 68 
Accordingly for phase C 
25 18 11 4 33 26 19 12 5 34 27 20 
61 54 47 40 69 62 55 48 41 70 63 56 


25 11 69 55 41 27 
61 47 33 19 5S 63 


18 4 62 48 34 20 

54 40 26 12 70 56 
and for phase B 

13 6 35 28 21 14 7 36 29 22 15 8 

49 42 71 64 57 50 43 72 65 S58 51 44 


13 71 S7 43 29 #15 
49 35 21 7 65 51 


6 64 50 36 22 8 
42 28 14 72 58 44 


D-series 


y-series of the first winding part 


y-series of the second winding part 


D-series 


y-series of the first winding part 


y-~series of the second winding part 


D-series 


y-series of the first winding part 


y-series of the second winding part 
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The waves of both winding parts for a shift k = 2 (= 4 am) are 
First winding part 
A 1 59 45 31 17 3 61 £47 
9 67 53 39 


C 25 11 69 55 41 27 #13 71 
33 19 5S 63 


B 97 43 29 15 
49 35 21 7 65 51 37 23 


Second winding part 
A 30 16 2 60 46 32 18 4 
38 24 10 68 


C 62 48 34 20 
54 40 26 12 70 S6 42 28 


B 6 64 50 36 22 8 66 52 
14 72 58 44 
The 2 winding parts of each phase are out of phase and must be 
connected in series (see Art. 7-10). No parallel circuits are 
possible for the winding considered. 
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APPENDIX 4 


UNBALANCED, FRACTIONAL-SLOT LAP 
AND WAVE WINDINGS 


The unbalanced windings are laid out fora minimum unbalance 
and maximum distribution factor of the main wave. 


There are 2 conditions for balance (see Art. Al-5) and, 
therefore, 2 kinds of unbalance. A winding is always unbalanced 
when the number of slots is not divisible by the number of 
phases, i.e., 3 yf integer & fy integer). A winding is also un- 
balanced when the number of slots is divisible by the number of 
phases, if the number of poles in a recurrent winding part is 
divisible by the number of phases, i.e., ¢ = integer. In the 
first case, 1 or 2 coils are to be left out in order to make 
the number of coils equal for all phases, 


The second kind of unbalance, i.e., the case when ¢ 


teger and 5 = integer, will be considered first. 


=z in- 


In the balanced, fractional-slot windings, the slots of d 
poles are represented by a single, half-circle slot star. This 
is not the case with the unbalanced windings. Also, Eq. Al-5, 
which is fundamental for the balanced fractional-slot windings, 
is not applicable for the unbalanced windings. 


A4-1, balanced, Fractional-slot Lap Windin with Ss 
Integer and ace Integer. As an example, a 3-phase, 12-pole 
winding with 42 slots will be considered. For this winding, q = 
Z, N= 7, d = 6. The angle between 2 slots is (Eq. Al-2): 


- 180 x 6 . -,3° 
i 3x7 ol 


Using slot 1 as reference, the angles between this slot and the 
20 successive slots lying in d = 6 poles are 

1 2 3 4 5 6 7 8 9 10 Ll sas 

0 513 1028 154% 2059 2575 308% 360 513 1029 1542 ... 
Disregarding the angle of 180° for the same reason as that given 
for balanced, fractional-slot lap windings (Art. Al-2), the 
angles become 

l1 2 3 4 3 6 7 8 9 10 11 12 

0 515 1028 154% 253 774 128% 0 513 1028 154% 253 ... 
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It can be seen that only N slots make a half-circle slot star, 
in contrast to the balanced, fractional-slot lap winding in 
which mN slots make the half-circle slot star. The mN slots 
which lie in d poles do not make a single star but m slot stars 
with N slots in each. Slots (1, 1+4N, 1+ 2N), slots (2, 2+¢ 
N, 2 + 2N) and so on, are in-phase slots, respectively. Fig. 
A4-1 shows the three slot stars of the winding considered. 


20 7 
13 10 
3 


On. 6 


Ss 8! 


Fig. A4-1. Slot star of an unbalanced, fractional- 
Slot, 3-phase winding with q = 1 a = integer) 


The magnetic-field angle is 


O 
Gm = 10 (A4-1) 


and the ratio d5/Q, is 


a g/Xn 2 d/, (A4-2) 
i.e., between 2 vectors which correspond to 2 adjacent slots in 
the machine lie ( -1) other vectors. In the example, ¢ = 3 = 2 
and between slots 1 and 2, 2 and 3, and so on, lies one other 
vector. 


As in balanced, fractional-slot lap windings, the vectors 
of all 3 slot stars follow a certain D-series. For the winding 
of the example, this is 

114425, 14¢(2%x4-N) ®=2, 14(3 % 4-N) = 6... 
The value of D which is here equal to 4 can be found by the same 
consideration as that applied to balanced windings (Art. Al-2). 
It is true that 

Dxd, = 180 x P+, 


Inserting @., from Eq. Al-2 and an from Eq. A4-1, there results 
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D = my (A4-3) 


where P is the smallest integer, including zero, which makes D 
an integer. P becomes Zero when d = n. 


With the magnitude of D determined, the D-series can be 
calculated. There are m D-series_ind poles, corresponding 
to the m slot stars in d poles. : 


For the winding of the example (Fig. A4-1), the m = 3 D- 
series are 
C 


A B 
l1 5 2{] 6 3] 7 4 
8 12], 9 13 10; 14 1il D-series for d = 6 poles 


15 19 116 20117 21 18 
Each consecutive D-series is obtained from the foregoing series 
by adding N (here N = 7) to the number of the latter series. The 
m slots which lie in the ‘same column are in-phase slots. 





Maximum distribution factor for the main wave will be ob- 
tained when the mN slots represented by the m (here m ® 3) 
series are divided into m parts in such a manner that each part, 
i.e., each phase, contains N slots and these N slots are as 
close to one another as possible. 


One of the many ways to divide the slots among the 3 phases, 
for the winding of the example, is indicated by the broken 
lines. The numbers of single coils assigned to the 3 phases in 
the 3 D-series are 


So ND WS PS 
WN © 
ON NS Ww 


2 
Also one of the following combinations can be used 


A C B A C B A C B 
23 2 2 2 3 3 2 2 
3 2 2 2 3 2 2 2 3 and so forth 
2 2 3 3 2 2 23 2 


All these combinations are identical sofar as the unbalance 
is concerned, i.e., they all have the same differences between 
the amplitudes of the emf's and mmf's and also the same errors 
in the angles between the emf's and mnf's. However, the coil 
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grouping, i.e., the sequence of larger and smaller pole-phase 
groups, is not the same for all combinations. 


The coil grouping which corresponds to the combination in- 
dicated by the broken lines is,for d = 6 poles 

211311212121 2d1id21i21~ 1 2121 2d21id2id2%!1 

A C B AC BAC B AC B AC B A C B 
The coil grouping thus obtained applies to d poles. The total 
winding consists of a repetitions of this grouping; consequent- 
ly, the maximum possible number of parallel circuits is §. 
This is the same as for the balanced fractional-slot lap winding. 


As for the latter, only d poles are to be considered. 


The equation (see Eq. Al-1) 

q-=1¢ a (A4-4) 
also means that each phase has, in d poles, n pole-phase 
groups with (I +1) single coils and (d - n) pole-phase groups 
with I single coils, 


In the winding of the example, I= 1, n#=1, d= 6, and 
each phase has, in d = 6 poles, n # 1 pole-phase group with (I + 
1) = 2 single coils and (d-n) = 6 - 1 = 5 pole-phase groups 
with I = 1 single coil. 

The simplifications in the layout and tabulation of bal- 
anced fractional-slot lap windings (Art. Al-3) apply only in 
part to the windings considered here. The sequence of the larger 
and smaller pole-phase groups is independent of the magnitude 
of I (Eq. A4-4) just as for the balanced windings. However, the 
coil grouping obtained for d poles does not represent a_ re- 
petition of m equal parts and the consideration of the dis- 
tribution of only d pole-phase groups, as was done for the bal- 
anced winding, will not suffice. For the windings treated here, 


all m x d pole-phase groups of d poles are a unit which repeats 


5 times. 


The rules given in Arts. 5-4 and 5-6 for the layout of un- 
balanced fractional-slot lap windings with 5 = integer and ¢ = 
integer and the coil grouping Tables 5-1 and 5-2 were derived on 
the basis of the foregoing considerations. 


A4-2. Unbalanced, Fractional-slot Lap Windings with S x 
m 28 an integer, and 


Integer. When ea is not equal to an integer, 
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therefore both conditions for balance are not satisfied. In the 


case in which 8 ¥ integer, the whole winding is to be considered 
instead of only d poles. 


If t is the common divisor of the total number of slots § 
and the number of poles p, then there are t winding parts which 
have the same position in the magnetic field and, therefore, t 
slot stars with : slots in each. t may be equal to l. 


If (see Eq. Al-1l) 


q = & = 3 (A4-5) 


where S is not divisible by m, S and p have a’ common divisor t, 
and N and d have no common divisor, then 
S=Nxtandmp=dxt 
or 
n=? (A4-6) 
N 


Since there are t™ N slots in the half-circle slot star, the 
magnetic field angle is 


a, 130" 2 180° (A4-7) 
The ratio @./a,, is 
aa, "5 (A4-8) 
i.e., between 2 oe which correspond to 2 adjacent slots in 
the machine lie ( - 1) other vectors. 


Eq. A4-7 is the same as Eq. A4-1 which applies to unbalanced 
fractional-slot lap windings with S = integer and ¢ = integer. 
This leads to the same equation for D as is’ true for the latter 
unbalanced windings (Eq. A4-3), 


D = a (A4-9) 


where P is the smallest integer including zero which makes D an 
integer. 

There are t D-series for the whole winding with N slots in 
each, Each consecutive D-series is obtained from the foregoing 
series by adding N to the numbers of the latter series. The t 
slots which lie in the same column are in-phase slots. 

Maximum distribution factor of the main wave again is ob- 
tained when the slots represented by the t D-series are divided 
into m parts in such a manner that each part, i.e., each phase, 
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contains the same number of slots and that the slots of eact 
phase are as close to one another as possible. Since S is not 
divisible by m, equal numbers of slots in each phase can _ be 
achieved only when a certain number of coils (which is usually 
smaller than m) is left out. The division of the S slots among 
the m phases does not necessarily give the same number of larger 
and smaller pole-phase groups for each phase. The sequence of 
the larger and smaller pole-phase groups depends upon the layout 
of the winding and the number and location of the omitted coils. 


Note further that the conclusions about the numbers of 
larger and smaller pole-phase groups drawn from Eq. (A4-4) for 
balanced fractional-slot lap windings and unbalanced windings 
with q = integer do not apply here. 

The rules given in Arts. 5-5 and 5-6 for the layout of un- 
balanced, fractional-slot lap windings with 3 ¥ integer,and the 
coil grouping Tables 5-5 and 5-6 were derived on the basis of 
maximum distribution factor of the main wave and minimum unbal- 
ance. 

Information on the possible number of parallel circuits is 
given in Art. 5-5. 

A4-3. Comparison Between the Balanced and Unbalanced La 
Windings. In the following tabulation, the main features of the 
balanced and unbalanced lap windings are compared on the basis 
of the considerations of Appendix 1 and Arts. A4-1 and A4-2, 

























Unbalanced Unbalanced 
with with 
Balanced |S/m = integer S/m ¥ integer 
(App. 1) 1) | (Art. Aa-1) | A4-1) (Art. A4-2) 


Number of umber of slot stars stars m(p/d) t = common divisor 
= Number of D-series P of S and p 


Number of slots in 
each slot star = 

Number of slots in 
each D-series 








Number of repeatable 







tion of the onit- 
ed coils. Maxi- 
mum = t. 






allel circuits 
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Unbalanced Unbalanced 
with with 
Balanced|S/m = integer S/m ¥ integer 
Gpp. 1) 1) Lote | A4-1) (Art. A4-2) 


[Depends upon the 
layout of the 
See ec zee” depends rene winding and the 
Beea aeacce upon n/d| upon nAd_ |number and loca- 
phase groups tion of the omit- 
ted coils. 
480 
N 


Difference between 
2 digits lying in 
the same column of 
2 consecutive D- 
series 





A4-4, Unbalanced, Fractional-slot Wave Windings with 8 = 
Integer and ae Integer. The unbalanced wave windings are de- 
rived from the unbalanced lap windings in a manner similar to 
that by which the balanced wave windings are derived from the 
balanced lap windings. The same D-series, i.e., the same value 
of D, applies to balanced lap and wave windings, and this is true 
also for the unbalanced lap and wave windings. Thus Eq. A4-3 
applies to the unbalanced wave windings. 

As for the unbalanced lap windings with 8 = integer, there 
are also a total of mx (5) = D-series with N slots (or 
upper or lower conductors, see Arts. A3-l and A3-3) in each. In 
the unbalanced wave windings, all mx (8) D-series must be con- 
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sidered simultaneously, i.e., all slots of the machine are tok 
considered at the same time. This is in contrast with the bal- 
anced wave winding where only all the 5 series of a single phase 
are treated at a time. 


After the m x (5) =8 D-series with N slots each have bee 
set up on the basis of Eq. A4-3, the y-series must be derived 
and the S slots divided among the m phases. The kind of divisice 
of the slots depends upon the magnitude of a. 


Eq. A3-2 for the winding pitch, y, applies also’. to the un- 
balanced wave windings. The following considerations will be 
limited to d = 3, 6, and 9. Eq.A3-2 yields for d = 3 and d = 6, 
a = 0, and ford = 9, a= +3. Furthermore, 

y= 2N ford #=3 (a = 0) 
y=N for d = 6 (a = 0) 
y =D for d = 9 anda = +43 
y = N-D ford = 9 anda#- 3 


(A4-10) 


Consecutive D-series differ from each other by N and con- 
secutive slots in each D-series differ from each other by D. 
Therefore, when d = 3, alternate slots of the vertical rows of 
the D-series follow the y-series; when d = 6, consecutive slots 
of the vertical rows of the D-series follow the y-series; and, 
when d = 9, consecutive slots of the horizontal rows of the D- 
series follow the y-series. 


In the cases d = 3 and d = 6, a ® 0. This is the same as 
when q is equal to an integer. Therefore, in these cases the 
wave winding is to be made up in the same way as when gq * inte- 
ger, i.e., with abnormal-front pitches and 2 waves in each phase 
regardless of the number of poles. It is shown in Art. 8-5 that, 
when d = 3, it is preferable to wind continuously and divide the 
total number of slots (or upper or lower conductors) into 6 
equal parts, assigning the first and fourth parts to phase A, 
and second and fifth parts to phase C, and the third and sixth 
parts to phase B. The same applies to the case d = 6; however, 
here the parts 1, 3, 5 are not equal to the parts 2, 4, 6 (see 
Art. 8-6). 


When d = 9, the mx (5) =; y-series with N slots in each 
are to be derived from the mx () = 5 D-series, and the y- 
series are to be divided into m parts in such a manner that the 


708 


slots belonging to each phase are as close as possible to one 
zamother, thus yielding the maximum distribution factor for the 
maimin wave. Each phase consists of (5) x a waves (see Art. 8-7). 


Rules for laying out unbalanced, fractional-slot wave wind- 
ings with s = integer and illustrative examples are given in 
Chapter 8. 


A4-5. Unbalanced Fractional-slot Wave Windings with s x 
Integer. Eqs. A4-7 and A4-9 apply also to the unbalanced wave 
windings with 8 ¥ integer. The values of a and y are the same 
for these windings as for the unbalanced wave windings with 8 = 
integer (Eq. A4-10). 


Since a=0 for d#W"3 andd #6, the windings are to be 
made up in these cases as for integral-slot windings in the 
manner described in Art. A4-4, 


As an example, a 3-phase , 8-pole winding with q = 2% and 2 
conductors per slot will be considered. For this winding N = 13, 
d=6, 8 = 52,t24 

p= SxS RP +S a7 with P= 1 


y = SeS EW +2 = 13 = WN (a = 0) 
There are t ® 5 = 5 n= og = x 3 = 4 D-series with : = N = 13 
slots in each. These series are 
A C B A 
1 8 2 9 3 10 4 #11) 5 12 #6 13] 7 
14 21 15/22 16 23 17 24) 18 25 19 26] 20 
27 34 28/35 29 36 30/37 31 38 32 39|33 D-series 
40 47 41 |48 42 49 43 |50 44 51 45 G2| 46 
One coil is to be left out in order to make the number of coils 
(upper or lower conductors) the same for all 3 phases. £Each 
phase will have ot = 17 slots, i.e., 9 slots in one wave and 8 
slots in the other. Winding continuously, the 6 waves are 
1 14 27 40 2 15 28 41 
7 20 33 46 8 21 34 47 9 phare = 


3 16 29 42 4 17 30 43 ee 
22 35 48 10 23 36 49 11 24 aac 


5 18 31 44 6 19 32 45 cose 
37 50 12 25 38 51 13 26 39 GD Prmse 
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Long-front pitches appear between conductors 40 and 2, 46 and 8, 
47 and 9, 42 and 4, and so on. Two parallel circuits are not 
possible. The broken lines in the D-series show that the slots 
assigned to the 3 phases are close to one another. 


The circle indicates the slot in which one coil side (one 
conductor) is omitted. This is slot 52, i.e., the last conductor 
of the second wave of phase B is left out. As shown in Art. 
A4-6, the error in magnitude of this distribution is very small 
(0.3%) and the errors in angle are -1° 20' for phase C and 
-2° 40' for phase B. The errors in the angles can be reduced to 
-18' for phase C and -1° 21' for phase B, if the conductor is 
omitted from slot 51 (instead of slot 52) which lies in the 
middle of the second wave of phase B. The error in magnitude is 
the same as before. 





When d = 9, a is equal to = +3. The common divisor t, of 
S and p, equal to o determines the number of D-series with K 
slots in each. As in the case 5 = integer (Art. A4-4), t=3 y- 
series are to be derived from the D-series and divided among the 
phases. This will be explained by an example of a 3-phase, 12- 
pole winding with q = 1§ and 2 conductors per slot. For this 
winding, N= 11,d=°9,8 = 44,t=%= 4, Furthernore, 


p=» dX xP+3 2, 
yo 2x3 xl ae 7 = N-D (a = -3) 


The t = 4 D-series are 

1 5 9 2] 6 10 3/711 4 @® 

12 16 20 113 17 #21 14/18 22 15 19 

23 27 31 24] 28 32 25/29 33 26 GO 

34 38 42 135 39 43 36 |40 44 37 41 
Since a = -3, the winding goes counter-clockwise. The t=4 jy- 
series are 

1 38 31 24/17 10 3/40 33 26 19 

12 5 42 |35 28 21 14] 7 44 37 GD 

23 16 9 2] 39 32 25/18 11 4 41 Y-Sseries 

34 27 20 113 6 43 36/29 22 15 @ 
The slots lying in the same column are in-phase slots. Slots 30 
and 8 have one coil side (one conductor) omitted. The broken 
lines show the division of the slots among the 3 phases. Each 
phase consists of 4 ® §) x a waves, Two parallel circuits are 


D-series 
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possible. The distribution chosen in this example is such that 
the 2 omitted coils (conductors) are the last coils (conductors) 
of 2 waves and that 2 parallel paths are possible. This makes 
the errors large (see Art. 5-5). The error in magnitude is zero; 
the errors in the angles are -3° 54' for phase C and -5° 27' for 
phase B. Maintaining the 2 parallel circuits and omitting con- 
ductors in slots 4 and 26, or 11 and 33 (instead of slots 8 and 
30) which are not the last of the waves, the errors in the angles 
become -3° 54' for phase C and ~3° 7' for phase B and the error 
in the magnitude is 1.3%. The arrangement of 2 parallel circuits 
should be avoided in this case. This arrangement makes it neces- 
sary to omit in-phase conductors, i.e., 2 conductors lying in 
the same column. coluan, If, for ee connection, the distribution is 


2 38 31 G@D|17 10 . 33 26 19 
* 35 28 21 » ae 30 
16 2139 32 25 4 . y-series 


34 27 > 13} 6 43 36 129 a 15 
and coils are left out in slots 24 and 18, a errors in the 
angles are +46" for phase C and 41° 32' for phase B, The error 
in magnitude is 0.15%. 


More examples of unbalanced, fractional-slot wave windings 
with s ¥ integer are given in Art. 8-8. 


A4-6. Determination of the itude of Unbalance. The 
method for determining the amount of unbalance explained below 
applies to lap as well as to wave windings. In both cases, the 
D-series of the windings are to be used and the assignment of 
the slots to the m phases can be indicated by broken lines, 


The D-series of only d poles are to be considered for lap 


windings with am integer, while all D-series of the winding are 
to be considered for the lap windings with S yf integer and for 
all wave windings. 





The method for determining the amount of unbalance will be 
explained by several examples. 


(a) 8 = an integer. 


Consider a 3-phase, 6-pole lap winding with gq #® 2. For 
this winding, N = 8, d= 3, and S = 48. Since S is divisible by 
m, the m= 3 D-series of only d = 3 poles are to be considered. 
According to Eqs. A4-3 and A4-1, 
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Oo oO 
p= Sx 8FP+3~. 1 with (P= 0) aq, = 12 = 225 


The 3 D-series with N = 8 slots in each are 
A C B 
1 2 3] 4 5 6] 7 8 
9 10 };11 12 13 4714 15 16 D-series for d * 3 poles 
17 18 19] 20 21 422 23 24 
The broken lines divide the 3 phases from each other. The slots 


lying in the same column are in-phase slots and, therefore, can 
be considered as a slot unit. 


If a centerline is drawn through phase C, between the slot 
units (4, 12, 20) and (5, 13, 21), it will be observed that 
phases A and B have symmetrical positions with respect to this 
centerline. Therefore, it suffices to calculate the angle be- 
tween phases A and C and the magnitudes of phases A and C only. 


A simplification in the calculations is achieved when groups 
of slot-units are considered instead of each slot-unit separate- 
ly. Thus in the example considered, the units (1, 9, 17) and (2, 
10, 18) of phase A can be treated as a group and also the units 
(4, 12, 20) and (5, 13, 21) of phase C can be treated as a group. 


If N' is the number of slot-units in the group, the distri- 
bution factor of the group is (see Art. A5-2) 
ka = sin N' (a, /2) 
N’ sin (a,/2) 
and for the winding of the example 


ka * aah a qusay 
2 sin (22.5 9) 
Considering the D-series, phase A consists of 2 groups, one of 
which is comprised of the slots 1, 9, 17, 2, 10, 18, and the 
other of the slots 3 and 19. Phase C consists of 3 groups, one 
of which is slot 11, the second of which is comprised of the 
slots 4, 12, 20, 5, 13, 21, and the third is slot 6. With slot 
1 as reference, the group angles are 


(A4-11) 


A Cc 
li 2 3 4] 5 6 
9! 10 [11 12 , 13 | 14 
17 ' 18 19] 20 | 21 | 22 
a3 — — 
00 11.250 450 78.7509 112.50 
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Assuming that the magnitude of the voltage or mmf of one slot is 
equal tol, that of the 6 slots making the larger groups of 
phases A and C is 6 x 0.981 = 5.886. Thus the cosine and sine 
components for phase A are 

5.886 x cos 11.25° = 5.771 5.886 x sin 11.25° = 1.148 


2.0 x cos 45° = 1.414 2.0 x sin 45° = 1,414 
7.185 ; 2.562 
and for phase C . 
1.0 x cos 450° = 0.707 1.0 x sin 45° = 0.707 
5.886 x cos 78.75° = 1.148 5.886 x sin 78.75° = 5.771 
1.0 x cos 112.5° = -0.383 1.0 x sin 112.5° = 0.924 
1,472 7 7.402 


The magnitudes of phase A and B are 
a = BR ™ \ (7.185)" + (2,562)° = 7.628 

and the magnitude of phase C is 

Eo = (1.472) + (7.402)° = 7.547 
The average voltage is 

Bayg ~ 2-5 -1,628 + 7,947 = 7 601 
and the distribution factor of the winding for the main wave 

Kq ~ 2.601 ~ 0.950 


For phases A and C 


tan @, = 9.762 = 0.356 @, = 19° 37° 
= 1.402 = = Oo ' 
tan ee 1.472 5.027 % 78° 45 


The angle between phase A and phase C is 
co — @, + 180 = 78° 45' - 19° 37' + 180° = 239° 8' (Error 52') 
and the angle between phase B and A is 
#3 ~ %, 7 2(78° 45' - 19° 37") = 118° 16' (Error 10 44") 


Since d@_ = 180" the unbalance of the windin ith S/m = 
. ; gs wW m 


an integer, laid out for maximum distribution factor of the main 
wav-,depends upon the magnitude of N. The magnitude of unbalance 
is the same for different values of q with the same value of N. 
Thus it is the same for q = 15 and for q = 45. 


The 3-phase, 6-pole lap winding with gq = 28 treated in the 
example will now be laid out as wave winding and its unbalance 
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determined. All () xm ® (8) x 3 = 6 D-series are to be con- 
sidered for the wave winding. These series are 
A C B 
1 2 31 4 5 6] 7 8 
9 10 11] 12 13 14] 15 16 


17 18 19] 20 211/22 23 24 
25 26 27] 28 29/30 31 32 D-series of all 6 poles 


33 34/135 36 37 {138 39 40 

41 42143 44 45 146 47 48 
The distribution of the slots dmong the 3 phases is indicated by 
broken lines. Comparing this slot distribution with that given 
above for the lap winding, it is seen that the position of the 
centerline of phase C and the positions of phases A and B_ with 
respect to this centerline are the same as for the lap winding. 
Therefore, the unbalance also will be the same. 
(b) 8 # an integer. 

Consider the 3-phase, 8-pole winding with 52 slots treated 
as a wave winding in Art. A4-5. For this winding, q = 24, N= 
13, d= 6, andD= 7. The % = 4 D-series are 

A C B A 

1 8 2 9} 3 10 4 11] 5 12 6 13{ 7 

14 21 15 |22 16 23 17 24] 18 25 19 261] 20 

27 34 28 135 29 36 30 |37 31 38 32 39) 33 

40 47 41 148 42 49 43 150 44 51 45 G2] 46 
The division lines are those which have been taken for the lay- 
out as a wave winding. The same slot division can be used for 

the layout as a lap winding. 


There is no symmetry of phases A and B with respect. to 
phase C when s ¥ integer, and the magnitudes and angles of all 
3 phases are to be calculated. 


Using the vertical row with slot 1 as the zero reference, 
the above D-series can be rewritten as follows: 
A C B 
7 1 8 2 9 3 10 4 11 5 12 6 13 
20 14 21 15 {22 16 23 17 #224; #=18 25 419 26 
33 271 34 28 {35 29 36 30 {37 =%31 38 32 = «39 
46 40' 47 41 48 42 9 43 150 44 51 45 G2 


4 
ee 41g 4697 A 9612 a 124.8 4 1527 4 
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The angle Qa for this winding is 


@ 2 AD = aaht 
The 4 slot-units of phase A (7, 20, 33, 46), (1, 14, 27, 40), 
(8, 21, 34, 47), and (2, 15, 28, 41) can be treated as a group. 
The 3 slot-units of phase C (3, 16, 29, 42), (10, 23, 36, 49), 
and (4, 17, 30, 43) can be used as a group; and similarly the 3 
slot-units of phase B (5, 18, 31, 44), (12, 25, 38, 51), and (6, 
19, 32, 45). With N' = 4, the distribution factor of the group 
is (Eq. A4-11): 

sin 4 x (1344/2) 


4 sin (134% 1/2) 


With N' = 3, the distribution factor of the group is 


sin 3 x (1343/2) 


k, = ————~——-_ = 0.981 
d 3 sin (1315/2) 


Assuming that the magnitude of the emf or mmf of one slot is 

equal to 1, the magnitude of the group considered in phase A is 

equal to 16x ka = 16 x 0.964 = 15.424. In a similar manner, 

the magnitude of the groups considered in phases C and B are 12 

x 0.981 = 11.772. Phase A consists of 2 parts, phase C and phase 

B, each of 3 parts. Their relative magnitudes and angles with 
respect to slot 1 are: 

A C B 
3 424 3 ll. tte 2 11.772 3 
i 


4 ag ag 695-4 self’ 4 o6}2— 124% 2. a 1525 


hoe eens and sine components of the 3 phases are: 
For phase A: 





12° 12° 

15.424 x cos 675 = 15.311 15.424 x sin 67% =» 1.859 

oO re) 
] x cos 41s = 0.748 1 x sin 4135 = 0.663 
16.059 2.522 

For phase C: . a 
3 x cos 41yy = 2,246 3 x sin 4155 = 1,989 
11.772 x cos 6055 = 4.174 11.772 x sin 69;5 -° = 11,005 
2 x cos 9644 = -0.241 2 x sin och = 1,985 
| 6.179 14.979 
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For phase B: 


12° 12° 

2 <x cos 9675 = -0.241 2 x sin 967% = 1.985 
8° 3° 

11.772 x cos 12475 = -6.686 11.772 x sin 12475 = 9.686 
oO 4° 

3 x cos 15255 = -2.656 3 x sin 1S2ry = 1.394 

-9. 583 13.065 


The magnitudes and angles of the 3 phases are 


-V 2 2 _ 2,522 _ 
E, (16.059) + (2.522)° tan e, = 7e*388 = 0.157 


ss 16 .25 eens 
Eo * V (6.179)2 + (14.979)” tan Oc 7 Te tpaR = 2.424 
" ae *c = 67° 35' 
E, = V (9.583) + (13.065) tan e, = - 22-065 = - 1.363 
= 16.20 


*B = 126° 15' 


The average voltage is 


Eayg ~ 16.25 + 16,20 + 16.20 . 1¢ 99 


and the distribution factor of the winding for the main wave is 
Kg ” 16,22 . 9.954 


The angle between phase C and phase A is 
o-% + 180 = 67° 35' - 8° 55' + 180° = 238° 40' (Error = 1° 20°) 


and the angle between phase B and phase A is 
ep - 4 = 126° 15' - 8° 55’ = 117° 20’ (Error = 20 40") 


(c) Simple method for checking the errors in the angles. 

The error in magnitude in windings with N/m = integer is 
small when N > 8 (see Table 5-7). The same is true of the wind- 
ings with N/m #4 integer, if t = 2 and N = 11 (see Tables 5-5 and 
5-6). In these cases, it suffices to determine the error in the 
angle only. This can be done approximately by weighing the in- 
phase groups (the columns) of coils. The method will be explain- 
ed by the 2 examples treated previously in this Article. 

Ss an integer. 3 phases, 6-poles, q = 2 2/3. The a * 
3 D~-series in d = 3 poles are 
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A C B 


1 2 3, 4: 5 6) 7 8 
9 fo [41 12:13 /14 15! 16 

17 18 19} 20 ; 21 122 23: 24 
i ! ; \ | 

a | a ae 


Phase A consists of the in-phase groups (1, 9, 17), (2, 10, 18) 
and (3, 19). The center of gravity of this phase will lie be- 
tween the first and second column, close to. the second column. 
If the angle between the first column, as reference, and the 
center of gravity line is designated by x, then 

3x = 3 G@- x +2 G+, - x) 


or x= fd). Sincea, = 180° - 180° = 22.5°, x = 19.69° = @,,. 

The center of gravity of phase C lies in the middle between the 
in-phase groups (4, 12, 20) and (5, 13, 21). Phase B consists 
of groups which have the same weight as those of phase A and, 
therefore, its center of gravity is shifted x degrees from the 
last column. 


The angle between the center of gravity of phase C and the 
reference column is 
=a BZ Oo 
%& 3.5 x@ + 180 = 258.75 


and the angle between the center of gravity of phase B and the 
reference column is 
@, 7 7 xG, - x = 157.5° - 19.69° = 137.81° 


Thus, the angle between phase A and phase C is 
@c - @ 7 258.75° - 19.69° = 239.06° = 239° 3.6' (Error = 56') 


and the angle between phase B and phase A is 
3 - % 7 137.81° - 19.69° = 118,12° = 118° 8" (Brror = 1° 52°) 


5 7 an integer. 3-phases, 8-poles, q= 23. The t = 4 D- 
Series, representing the total winding, are (rearranged) 


* This result is slightly different from that obtained on page 
713 by the cosine-sine method, but it is within slide-rule 
accuracy. 
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A Cc B 


7 1 #8 2 9) 3 10 4 11 5 12 6 13 
20 14 21 15/22 16 23 17 24/18 25 19 26 
33 27 34 28/35 29 36 30/37 31 38 32 39 
46 40 47 41 148 42 [49 43150 44 51] 45 GD 


i 
a xe — a —Ix5 <— 
i 
Using the second column of phase A as reference for this phase 


4 @i+x) +4x = 4 @i- x) +4 (20,, - x) + (34, - x) 
oO 
Gn” 1344 x edit. = 8° 57.6' 
Using for phase C the second column of this phase as reference 
3 G,, + x) +4 x, =4 (q,, = X)) + 4 (2q,, = Xx} ) + 2 (34, ae x,) 
oo ‘a Oo ' 
x, = 7G, = 12° 13 
Using for phase B the column (6, 19, 32, 45) as reference 
= 12° 13! 


AQ Ay 
Referring all 3 phases to the first column of phase A_ (7, 20, 
33, 46) as reference 


@, "Gy, +x = 13° 50.7" + 8° 57.6’ = 22° 48.3" 


= 5 x 13° 50.7' + 12° 13' + 180° = 261° 25° 


=C 

3 = 11 x 13° 50.7' - 12° 13' = 140° 5.3' 
 - %q = 261° 25' - 22° 48° = 238° 37° (Error 1° 23') 
3 ~ 4 7 140° 5" - 22° 48" = 117° 17° (Error 2° 43°) 


These are the same values as' those found by the cosine-sine 
method. 
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APPENDIX 5 


DISTRIBUTION AND PITCH FACTORS OF INTEGRAL AND 
FRACTIONAL-SLOT WINDINGS 


AS-1. Integral-slot Windings. The synchronous (main) wave, 
the length of which is equal to 2t (= twice the pole pitch), is 
used as the fundamental wave for integral-slot windings. The 
order of the harmonics is designated by n. n=1 is the syn- 
chronous (main) wave. 


In 2-phase windings, the slots lying under one pole pitch 
(= 180 electrical degrees) are divided into 2 parts, one for 
each phase. The 2-phase windings, therefore, are 2-zone (90° 
phase-belt) windings. The 3-phase windings can be made 6-zone 
or 3-zone., In the 6-zone windings, the slots lying under one 
pole pitch (= 180 electrical degrees) are divided into 3 parts, 
one for each phase, yielding 6 zones in 2 poles. In the 3-zone 
windings the slots lying under 2 poles are divided into 3 parts, 
yielding a 3 zone winding. When the winding is an integral-slot 
winding, each zone of the 6-zone winding comprises 60 electrical 
degrees. Normally, the 6-zone winding is used. The 3-zone wind- 
ing is used in special cases as, for example, in 2-speed motors 
(see Art. 9-1). 


(a) Three-phase 60° phase-belt (6-zone) stator windings. 
Distribution factors. The harmonics produced by such a_ stator 


winding are 





n=1, 5, 7, 11, 13, 17... 
Harmonics which are a multiple of 3 do not appear unless zero- 
sequence currents flow in the winding. They can be considered 
as non-existent in induction motors. 


For the synchronous (main) wave, 
0.5 
Ka(n = 1) = q sin so (A5~1) 
where gq ® = is the number of slots per pole per phase. The 
values of Kan = }) are given in Fig. A5-1. 


For the nth harmonic 
_ sin nx 30° (A5-2) 


dn — a 
q sin n ”q 
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DISTRIBUTION FACTOR Ka(n = 1) 
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Fig. A5-1. Distribution factors of the main wave 
of 2-phase and 3-phase windings. 
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‘The values of k an corresponding to Eq. A5-2, for the synchronous 
wave and the harmonics, are given in Table A5-1. Eq. A5-2 yields 
the correct signs of the harmonics. For the absolute values only 


k dn = —h2 50 (A5-2a) 


q sina? 
Pitch factors. For the synchronous (main) wave, 
= Wz 
Kopin = 1) ~ 819 ¢ 3 (A5-3) 


where t is the pole pitch, and W the coil width in units of t. 
The values of k 


p(n = 1) #re given in Fig. A5-2. 
For the nth harmonic, 
Kon = Sinn ¥ 5 (A5-3a) 
The values of k 7 corresponding to this equation for the syn- 


chronous wave and the harmonics are given in Table A5-2. 


(b) Three-phase 60° phase-belt (6-zone) rotor windings. The 
harmonics produced by such a rator winding are 
m = 3ko +n (A5-4) 
where ko is any positive or negative even integer including 0. 
n is to be introduced with the right sign (the signs of the 
stator harmonics n alternate; the plus sign is normally assigned 
to the main wave so that n = #1, -5, #7, -1l, ...). In the in- 
duction motor, Eq. A5-4 yields, for n= 1, the rotor harmonics 
produced by the currents of slip frequency. 


The distribution and pitch factors are given by Eqs. A5-1l 
to A5-3a and Figs. A5-1 and A5-2. m is to be introduced forn in 
all equations. 


(c) Three-phase 120° phase-belt (3-zone) stator windings. 
Distribution factors. The harmonics produced by such a stator 


winding are 

n=], 2, 4, 5, 7, 8, 10... | 
n = 1 is the synchronous (main) wave. The even harmonics occur 
only in chorded (fractional-pitch) windings. 


For the synchronous wave, 
“s 0.866 


q 
where q again is the number of slots per pole phase,i.e.,q - =. 
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PITCH FACTOR k,, (n= 1) 
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Fig. A5-2. Pitch factors of the main wave. 
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The values of Kan = }) are given in Fig. A5-1l. 


For the nth harmonic, 


oO 
xk. = Sino x 60° (A5-6) 
dn 2q sin n 30° 
Eq. A5-6 yields the correct signs. For the absolute values only 
ss 0.866 


k, = (A5-6a) 
dn 2q sin n 7. 


Pitch factors, The same formulae and Fig. A5-2 which apply 
to the 3-phase 60° phase-belt windings apply here also. 


(d) Two-phase stator windings. Distribution factors. The 
harmonics produced by such a stator winding are 
hn = 1,3; 5, 7,. 9; 11). 13.4. 
n = 1 is the synchronous (main) wave. For this wave 
- 0,707 
Ka(n = 1) > 45 (AS~7) 


q sin “—|— 
The values of Kan = 1) are given in Fig. A5-1. 


For the nth harmonic, 
_ 2innax 45° 
q sin n “| 


Pitch factors. The same formulae and Fig. A5-2 which apply 
to the 3-phase 60° phase-belt windings apply here also. 


ae (A5-8) 


(e) Single-phase windings. Refer to Fig. A5-3 which shows 
a concentric winding with different numbers of turns in the 
coils. For this winding, the product of distribution factor and 
pitch factor of the main wave is 
- Nn,, sin d,, + Nao sind, + Nzq sin +... 
ky xk, = ‘Cl 1 C2 2+ ‘c3 a3 (A5-9) 


Noy + Noo + Nog 


When the single-phase winding is not a concentric but a 2-layer 
winding of the same kind as the 3-phase and 2-phase windings 


considered under (a) to (c), the distribution factor of the main 
wave is 
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Fig. A5-3. Derivation of the winding factor of a 
concentric single-phase winding. 


sin 5 90° 


Ky = ——? 590 (A5-10) 


q sin ‘*— 
Sp 


where Sp is the number of slots per pole, and q the number of 
slots per pole containing conductors. The pitch factor is the 
same as for the 3-phase and 2-phase windings and Fig. AS5-2 can 
be used. 


AS-2. Balanced, Fractional-slot Windings Laid Out _ for 


Maximum Distribution Factor of the Synchronous (Main) Wave. A 
2-pole wave, the length of which is equal to 2pt (= circunfer- 


ence of the armature), is used as the fundamental wave for frac- 
tional-slot windings. The order of the harmonics is designated 
by n'. n' = 5 is the synchronous (main) wave. 


Three-phase windings can be 6-zone windings (corresponding 
to the 60° phase-belt windings) or 3-zone windings (correspond- 
ing to the 120° phase-belt windings. ) 


(a) Three-phase, 6-zone stator windings. Distribution 
factors. The number of slots per pole per phase is 


q = a (A5-11) 


where N and d have no common divisor. 
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The following harmonics are produced by a stator winding, 
d = even number: 


n' = Fy yv=1, 2, 4, 5, 7, 8... (A5-12a) 


For the synchronous (main) wave, n' «§ and Vg =§ 


d = odd number: 
n' = oh’ v=1, 5, 7, 11, 13... (A5-12b) 


For the synchronous (main) wave,n' = 5 and Vee d. 
(See note under (a) of A5-1 about the harmonics which are aul- 
tiples of 3.) 


For the synchronous wave, 0.5 
k ~~. 300 - 
pt’ = 8) = y sin voty) 


It can be seen by comparing Eq. A5-13 with Eq. AS-1 that the 
Gistribution factor of the main wave of a fractional-slot wind- 
ing is equal to that of a integral-slot winding with N slots per 
pole per phase. Therefore, Fig. A5-1 can be used here also but 
for q 7 N. 

The distribution factor of the n'th harmonic is 


Sin N (a ,/2) 


_ = A5- 
Kan N sin @,.72 (A5-14) 





In order to find an , determine 
D= SNP +i (A5-15) 
where P is the smallest integer which makes D and integer. Then 
2d 

oe n'D a. D when P is even 

aa = n'DG, “0 a 180°, when P is odd and d is even (A5-16) 

a,» =n" (Da, +180°) 29 when P is odd and d is odd 

- 180° 2 


Eq. AS-14 in connection with Eq. A5-16 yields the correct sign of 
the harmonics. For the absolute value only 
Kan’ 0.5 


—— ho ,when d is even 
N cos WG 60° x v) 


= 0.5 
N sin q 30° x v) 


= 0.5 


Kant ——— fo When d is odd and P is odd 
N cos (F 30° x vy) 
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Kan' , when d is odd and P is even (A5-18) 


Pitch factors, For the synchronous wave, 
Kp(n' = B) = sin 13 (A5-19) 
This is the same as for integral-slot windings and Fig. A5-—2 cas 
be used. 


For the n'‘th harmonic, 


oO 
k n # 180 


= si t ~q when d is even 


pn’ 
= ain W 180° 
ky: = sin ¥48>-v,when d is odd. 


(b) Three-phase 6-zone rotor windings. The harmonics pro- 
duced by such a rotor winding are 


m' = 35 ky + n' (A5-21) 


where ko is any positive or negative integer including 0. nn’ is 
to be introduced with the right sign. In the induction motor,n’' 
= 5 yields the rotor harmonics produced by currents of slip fre- 
quency. 

The distribution factors are given by Eqs. A5-13 to A5-18 
and Fig. A5-l1. m' is to be introduced for n' in all equations. 


The pitch factor of the main wave m' = 5 is given by Eq. 
A5-19 and Fig. A5-2. The pitch factorofthe m'th harmonic is 


Kom’ = sin Zd (: /2) (A5-21a) 


where Z is the coil width in slot pitches and On! is given by 
Eq. A5-16. 


(c) Two-phase stator windings. Distribution factors. The 
number of slots per pole per phase is 


a= 4 


where N and d have no common divisor. Here only odd values of d 
are possible. Even values of d yield unbalanced windings. 
The following harmonics are produced by a stator winding. 
n' = fy v=1, 3, 5, 7, 9... 


For the synchronous wave,n' = 5 and va: = d 


For the synchronous (main) wave, 
0.707 


Ka(n' = 5) ~ N sin (A5~-22) 


and for the n'th harmonic, 
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kant = Ferree) N (a, /2) (A5-23) 
N sin (,, 


a is given by Eqs. A5-16 and A5-17. 2 is to be substituted 
for 3 in Eqs. A5-15 and A5-17. 


Pitch factors. For the synchronous wave, 


Ky(a' = B) = sin +3 (A5-24) 
This is the same as for integral-slot windings, and Fig. A5-2 
can be used. 
For the n'th harmonic, 


Kon! = sin 


e+e 


re) 
180 y (A5~25) 
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DIAMETER 
(Inch) 


Toler- 
ance 
= 


0.204 |0,.0020 
0.193 | 0.0019 
0.182 |0.0018 


0.172 |0,0017 
0.162 | 0.0016 
0.153 |0.0015 
0.144 | 0.0014 
0.136 |0.0014 
0.128 |0,0013 
0.121 |0,0012 
0.114 |0,0011 
0.108 |0.0011 


0.102 | 0.0010 
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0.0113/0,0001 128 
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0.0089/ 0.0001 79.2 
0.0080/0.0001 ° 
0.0071/0.0001 ° 
0.0063/}0.0001 39.7 
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Milsis 
41620 |32690 
37250 | 29260 207 
33120 | 26010 
29580 | 23230 185 
26240 | 20610 175 
23410 |18390 166 
20740 |16290 
14530 
16380 |12870 
14640 111500 |130 {136 |132 133 
13000 |10210 |123 |129 |125 126 
11660 | 9161 |116 |119 {118 119 
10400 | 8170 |110 |2113 |112 %4|115 #%(|113 =%4|115 ‘4117 
9235 | 7253.1 | 103.9 | 106.9 | 105.6 | 108.6 |107.1 | 108.9 | 110.6 
82 6460.7 | 98.5 |101.5 | 100.1 | 103.1 |101.7 |103.5 | 105.1 
3.4 | 96.4| 94.9| 97.9 | 95.6 | 97.4] 98.9 
91.5 | 90.0 | 93.0 | 90.8] 92.5 | 94.0 
87.0 | 85.4 | 88.4] 86.3 | 88.0] 89.4 
82.7 | 81.1 | 84.1 | 82.0] 83.7 | 85.1 
78.6 | 76.9 | 79.9 | 77.4 | 79.1 | 80.4 
74.8 | 73.0 | 76.1 | 73.6 | 75.3 | 76.6 
71.2 | 69.4 | 72.4] 69.5 | 71.2] 72.4 
67.7 | 66.0 | 69.0 | 66.1 | 67.7 | 69.0 
64.4 | 62.7| 65.7 | 62.3 | 63.9 | 65.2 
61.3 | 59.7 | 62.7 | 59.3 
58.5 | 56.8 | 59.8 | 56.5 
55.8 | 54.1 | 57.1 | 53.8 
51.4 | 54.4 | 50.7 
49.0 | 52.0 | 48.3 
46.6 | 49.6 | 46.0 
43.9 
41.9 
40.0 
41.6 | 38.2 | 39.5 | 40.6 
39.9 | 36.5 | 37.8 | 38.9 
36.6 | 33.3 | 34.5 | 35.6 
30. 30.6 | 31.7 | 32.8 
? 8. 29.2 : 
. 5. 27.0 * 
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TABLE 4 
Nominal Thickness of Insulation Covering (Sum of Two Sides) 


for Square or Rectangular Wire. 
Double Cotton or Double Glass. 


Bare Bare .021] .032 s .092] .116|.144 .229 340 
Thick. |Width to to to to to to to to to to to to 
; .031| .043} .057/] .071}.091| .115}) .143|.181].228] .285/] .339] .500 
.021 .009| .009| .010] .010/ .010] .011] .011|.012] .013] .014] .015/] .016 
.009/| .009| .009/; .009/} .009 009 .009].009/] .009/ .009| .008/ .008 
9/ .009| .010] .010} .011}] .011].012] .013|.014] .015] .016 
i“ : : .009/ .009). .009 


.009} .010| .010) .011] .011].012] .013) .014] .015/ .016 
.009/. .009 



























.012 
010 








013). 






.019 
015 






.020 
017 







.020 
.019 


T = Thickness 
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Sine Values for 45 to 90 Degrees for use in 


TABLE 5 


Figuring Pitch Factors 


0.7071 | 0.7096 | 0.7120 | 0.7145 | 0.7169 
0.7193 | 0.7218 | 0.7242 | 0.7266 | 0.7290 
0.7314 | 0.7337 | 0.7361 | 0.7385 | 0.7408 
0.7431 | 0.7455 | 0.7478 | 0.7501 | 0.7524 
0.7547 | 0.7570 | 0.7593 | 0.7615 | 0.7638 


0.7660 | 0.7683 | 0.7705 | 0.7727 | 0.7749 
0.7771 | 0.7793 | 0.7815 | 0.7837 | 0.7859 
0.7880 | 0.7902 | 0.7923 | 0.7944 | 0.7965 
0.7986 | 0.8007 | 0.8028 | 0.8049 | 0.8070 
0.8090 | 0.8111 | 0.8131 | 0.8151 | 0.8171 


0.8192 | 0.8211 | 0.8231 | 0.8251 | 0.8271 
0.8290 0.8348 
0.8387 0.8443 
0.8480 0.8536 
0.8572 0.8625 

























































































































0.8607 






































0.8660 0.8695 | 0.8712 
0.8746 0.8780 | 0.8796 
0.8829 0.8862 | 0.8878 
0.8910 0.8942 | 0.8957 


0.9033 


0.9107 
0.9178 
0.9245 
0.9311 
0.9373 


0.8988 


0.9063 
0.9135 
0.9205 
0.9272 
0.9336 


0.9018 


0.9092 
0.9164 
0.9232 
0.9298 
0.9361 
























































0.9397 0.9421 | 0.9432 | 0.9444 
0.9455 0.9478 | 0.9489 | 0.9500 
0.9511 0.9532 | 0.9542 | 0.9553 
0.9563 0.9583 | 0.9593 | 0.9603 





0.9613 0.9632 | 0.9641 | 0.9650 
























0.9659 0.9677 | 0.9686 | 0.9694 
0.9703 0.9720 0.9736 
0.9744 0.9759 0.9774 
0.9781 0.9796 0.9810 





0.9816 0.9829 0.9842 
















































0.9848 | 0.9854 0.9866 | 0.9871 
0.9877 | 0.9882 0.9893 | 0.9898 
0.9903 | 0.9907 0.9917 | 0.9921 
0.9925 | 0.9930 0.9938 | 0.9942 


0.9956 


0.9971 
0.9982 
0.9991 
0.9997 
1,000 


0.9959 


0.9973 
0.9984 
0.9993 
0.9998 
1.000 


0.9945 


0.9962 
0.9976 
0.9986 
0.9994 
0.9998 


0.9949 


0.9965 
0.9978 
0.9988 
0.9995 
0.9999 
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TABLE 6 


Approximate Full-Load Currents of Single—Phase Motors 


1/8 


1/6 


1/3 


Current in amperes 
220 volts 


TTR 


110 volts 
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TABLE 7 
Approximate Operating Data for Constant Speed Squirrel Cage Induction 
Motors from 1/2 Horsepower to 200 Horsepower 















Amperes 
a ae Power Factor Full Load 
(440 Volts) 
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TABLE 7 - Continued 


Approximate Gperating Data for Constant Speed Squirrel Cage Induction 
Motors from 1/2 Horsepower to 200 Horsepower 
Amperes 
Doe Tea Full Load 
(440 Volts) 


OOD &d 


«J 
on 


2 
4 
6 
8 
10 
2 
4 
6 
8 
10 
2 
4 
6 
8 
10 
2 
4 
6 
8 
10 
2 
4 
6 
8 
10 
2 
4 
6 
8 
10 
2 
4 
6 
8 
10 


pete 





Note: - Values of full load RPM, efficiency and power factor are 
approximate values. Full load amperes at voltages other 
than 440 volts will be inversely proportional to the 
values shown for 440 volts. 
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TABLE 8 


Approximate Operating Data for Constant Speed Squirrel Cage Induction Motors and for 
Wound Rotor Induction Motors from 250 to 1000 Horsepower 


SQUIRREL CAGE MOTORS WOUND ROTOR MOTORS 


90 
89 
88 
86 
85 
84 
83 
81 
80 
78 
77 
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TABLE 8 - Continued 


Approximate Operating Data for Constant Speed Squirrel Cage Induction Motors and for 
Wound Rotor Induction Motors from 250 to 1000 Horsepower 


SQUIRREL CAGE MOTORS | WOUND ROTOR MOTORS 





ee ee ee 


DOSS BASS BSS 


oSeS SEIS BSSS 


wo 
~o 


90 
89 
88 
87 
87 
85 
83 
82 
80 
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TABLE 8 - Continued 


Approximate Operating Data for Constant Speed Squirrel Cage Induction Motors and for 
Wound Rotor Induction Motors from 250 to 1000 Horsepower 


SQUIRREL CAGE MOTORS | WOUND ROTOR MOTORS 





Note: - Values of efficiency and power factor are approximate values. 
Full load amperes at voltages other than 2300 volts will be 
inversely proportional to the values shown for 2300 volts. 
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CCW 
cw 


D* 


HP 


LIST OF SYMBOLS 


A, a 
phase A* 
smallest integer which makes y an integer 


B 
phase B* 

C 
phase C* 
equalizer connection 
counter clockwise 
clockwise 

D, d 


diameter of stator bore 
diameter at which leads of laping winding lie 


difference between 2 slots which correspond to 2 ad- 
jacent vectors of the slot star 


denominator of the fraction of spp 
number of poles in a repeatable part of the winding 


F 
finish of a pole phase group 


horsepower 


I 
integral part of the fractional number of spp 


J 
Jumper 


*Odd subscripts indicate the starts of winding parts; even sub- 
scripts indicate their ends. For example, A) is the start of 
the first winding part, Ay is its end; A is the start of the 
second winding part, A, is its end, and so forth. 
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LP-SP 


LIST OF SYMBOLS 


k 


number of angles @ by which one layer of a windi:. 
is shifted with respect to the other layer, ort 
which two repeatable groups are shifted with respe: 
to each other 


distribution factor of the main wave 
distribution factor of the n-th harmonic 
distribution factor of the n'-th harmonic 
pitch factor of the main wave 

pitch factor of the n-th harmonic 

pitch factor of the n‘-th harmonic 





any positive or negative even integer including zero | 


L 


axial length of stator core 
long pitch or progressive connection 


long pitch-short pitbh or progressive-retrogressive 
connection 


number of phases 


harmonics produced by 3 phase 6 zone integral slot 
rotor windings 


harmonics produced by 3 phase 6 zone balanced frac- 
tional-slot rotor windings 


N, n 


numerator of the fraction spp 

number of slot units 

number of turns in the coils ofa single phase winding 
numerator of the fractional part of spp 

order of the harmonics of integral-slot windings 


order of the harmonics of balanced fractional slot 
windings 


P, p 
number of full pole pitches between 2 slots which 
correspond to 2 adjacent vectors of the slot star 


smallest integer, including zero, which makes D an 
integer 


number of poles 
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rpm 


SP 
Spp 


er 


Vp 
Ye 


LIST OF SYMBOLS 


q 
Slots per pole per phase 


rpm 


revolutions per minute 


Ss, s 


total number of slots 

start of a pole phase group 

number of slots per pole of a single phase winding 
short pitch or retrogressive connection 

slots per pole per phase 


T 


start or end of a phase 
line lead 


largest common divisor of number of poles and the 
number of slots 


pole pitch in units of W 


W 
coil width 

y 
winding pitch 
back pitch 
front pitch 

Z 


coil width in slot pitches 


magnetic field angle, or angle between 2 adjacent 
vectors of the slot star 


angle between 2 slots 
angle between phase vectors 
connected to start or finish of a group 


spot for change with respect to series connection, 
connection tables, 3 phase windings. 
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10. 


ll. 


12. 


13. 


14. 


15. 


16. 
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INDEX OF DIAGRAMS 







2-Parallel 
4-Parallel 
Series or 2-Parallel 
2-or 4-Parallel 










Series 
2-Paralilel 
3-Parallel 
6-Parallel 
Series or 2-Parallel 
3-or 6-Parallel 
















2-Parallel 
4-Parallel 
8-Parallel 
Series or 2-Parallel 
2- or 4-Parallel 

4- or 8-Parallel 











Series Star 
2-Parallel Star 
Series or 2-Parallel Star 









Series Delta 
2-Parallel Delta 
Series or 2-Parallel Delta 


TYPE OF CONNECTION FIGURE NO. 
Series Star 3-37 
3-38 


2-Parallel Star 
Series or 2-Parallel Star 






Series Delta 
2-Parallel Delta 
Series or 2-Parallel Delta 


Series Star 

2-Parallel Star 
4-Parallel Star 

Series or 2-Parallel Star 
2-or 4-Parallel Star 


Series Delta 

2-Parallel Delta 
4-Parallel Delta 

Series or 2-Parallel Delta 
2-or 4-Parallel Delta 
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INDEX FOR 3-PHASE TOP-TO-TOP CONNECTION DIAGRAMS FOR LAP WINDINGS 


Bote TYPE OF CONNECTION FIGURE NO. | PAGE 


Series Star 

2-Parallel Star 
3-Parallel Star 
6-Parallel Star 

Series or 2-Parallel Star 
3- or 6-Parallel Star 





Series Delta 

2-Parallel Delta 
3-Parallel Delta 
6-Parallel Delta 

Series or 2-Parallel Delta 
3- or 6-Parallel Delta 


Series Star 

2-Parallel Star 
4-Parallel Star 
8-Parallel Star 

Series or 2-Parallel Star 
2- or 4-Parallel Star 

4- or 8-Parallel Star 


Series Delta 

2-Parallel Delta 
4-Parallel Delta 
8-Parallel Delta 

Series or 2-Parallel Delta 
2- or 4-Parallel Delta 

4- or 8-Parallel Delta 


Series Star 

2-Parallel Star 
5-Parallel Star 
10-Parallel Star 

Series or 2-Parallel Star 
5- or 10-Parallel Star 
Series Delta : 
2-Parallel Delta 
5-Parallel Delta 
10-Parallel Delta 


Series or 2-Parallel Delta 


5- or 10-Parallel Delta 


Series Star 

2-Parallel Star 
3-Parallel Star 
4-Parallel Star 
6-Parallel Star 
12-Parallel Star 

Series or 2-Parallel Star 
2- or 4-Parallel Star 

3- or 6-Parallel Star 

6- or 12-Parallel Star 





Series Delta 

2-Parallel Delta 
3-Parallel Delta 
4~-Parallel Delta 
6-Parallel Delta 
12-Parallel Delta 

Series or 2-Parallel Delta 
2- or 4-Parallel Delta 

3- or 6-Parallel Delta 

6- or 12-Parallel Delta 
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INDEX FOR 3-PHASE TOP-TO-TOP CONNECTION DIAGRAMS FOR LAP WINDINGS 


Roe TYPE OF CONNECTION FIGURE NO. PAGE 


Series Star 3-111 
2-Parallel Star 
7-Parallel Star 
14-Parallel Star 

Series or 2-Parallel Star 
7- or 14-Parallel Star 















Series Delta 
2-Parallel Delta 
7-Parallel Delta 
14-Parallel Delta 
Series or 2-Parallel Delta 
7- or 14-Parallel Delta 









INDEX FOR 3 PHASE CONNECTION DIAGRAMS FOR LAP WINDINGS 
FOR A SPEED RATIO OF 2 TO 1 


POLE ; oan SPEED LOW SPEED oo PAGE 
RATIO NNECTION CONNECTION 



































Constant Horsepower/ 2-Parallel Star | Series Delta 971 
4/8 Constant Torque Series Delta 2-Parallel Star a5 572 
Variable Torque Series Star 2-Parallel Star] 9-6 $73 
Constant Torque 2-Parallel Delta/] 4-Parallel Star; 9-19 586 















Constant Horsepower! 2-Parallel Star 
6/12] Constant Torque Series Delta 
Variable Torque Series Star 


Series Delta 9-7 574 
2-Parallel Star| 9-8 975 
2-Parallel Star/| 9-9 576 


Series Delta 9-10 577 





Constant Horsepower| 2-Parallel Star 
8/16| Constant Torque Series Delta 2-Parallel Star| 9-11 578 
Variable Torque Series Star 2-Parallel Star! 9-12 579 


Constant Horsepower/ 2-Parallel Star | Series Delta 9-13 
10/20| Constant Torque Series Delta 2-Parallel Star nae 581 
Variable Torque Series Star 2-Parallel Star} 9-15 


Constant Horsepower; 2-Parallel Star | Series Delta 9-16 
12/24} Constant Torque Series Delta 2-Parallel Star] 9-17 
Variable Torque Series Star 2-Parallel Star} 9-18 


























INDEX FOR 3-PHASE WORKING DIAGRAMS FOR WAVE WINDINGS 


Integral-Slot. Retrogressive. 
Integral-Slot. Progressive-Retrogressive 
Unbalanced Fractional-Slot. 

(Integral + 1/2)-Slot. Retrogressive 


(Integral + 1/2)-Slot. Progressive-Retrogressive 
Unbalanced Fractional-Slot 
Integral-Slot. Retrogressive 
Integral-Slot. Progressive-Retrogressive 
pa eeere + 1/2)-Slot. Retrogressive 
Integral + 1/2)-Slot. Progressive-Retrogressive 
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INDEX FOR 3-PHASE WORKING DIAGRAMS FOR WAVE WINDINGS 





Integral-Slot. Retrogressive 
Integral-Slot. Progressive-Retrogressive 
(Integral + 1/2)-Slot. Retrogressive 
(Integral + 1/2)-Slot. Progressive-Retrogressive 
Integral-Slot. Retrogressive. 

Integral-Slot. Progressive-Retrogressive 
Unbalanced Fractional-Slot 

Unbalanced Fractional-Slot 

(Integral + 1/2)-Slot. Retrogressive 

(Integral + 1/2)-Slot. Progressive-Retrogressive 























Integral-Slot. Retrogressive 
Integral-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 
Balanced Fractional-Slot 
pineeer st + 1/2)-Slot. Retrogressive 
Integral + 1/2)-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot. 
Integral-Slot. Retrogressive 
Integral-Slot. Progressive-Retrogressive 
peers + 1/2)-Slot. Retrogressive 
Integral + 1/2)-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 
Integral-Slot. Retrogressive 
Integral-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 
faceeres + 1/2)-Slot. Retrogressive 
Integral + 1/2)-Slot. Progressive-Retrogressive 
Integral-Slot. Retrogressive 
Integral-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 
Balanced Fractional-Slot 
Balanced Fractional-Slot 





















Integral-Slot. Retrogressive 
Integral-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 

ee + 1/2)-Slot. Retrogressive 

Integral + 1/2)-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 

Integral-Slot. Retrogressive 

Integral-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 

cera] + 1/2)-Slot. Retrogressive 

Integral + 1/2)-Slot. Progressive-Retrogressive 
Integral-Slot. Retrogressive 

Integral-Slot. Progressive-Retrogressive 

Hepa + 1/2)-Slot. Retrogressive 

Integral + 1/2)-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 
Balanced Fractional-Slot 
Balanced Fractional-Slot 

















Unbalanced Fractional-Slot 
Integral-Slot. Retrogressive 

Integral-Slot. Progressive-Retrogressive 
Unbalanced Fractional-Slot 

Balanced Fractional-Slot 

Unbalanced Fractional-Slot 

(Integral + 1/2)-Slot. Retrogressive 

(Integral + 1/2)-Slot. Progressive-Retrogressive 
Unbalanced Fractional-Slot 
Unbalanced Fractional-Slot 
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INDEX FOR 3-PHASE WORKING DIAGRAMS FOR WAVE WINDINGS 


NO. OF |NO. OF 
POLES TYPE OF CONNECTION eae 
6-40 


Integral-Slot. Retrogressive 








































Integral-Slot. Progressive-Retrogressive 6-88 
Unbalanced Fractional-Slot 8-4 

(Integral + 1/2)-Slot. Retrogressive 6-41 
(Integral + 1/2)-Slot. Progressive-Retrogressive 6-89 


7-23 





Balanced Fractional-Slot 
Integral-Slot. Retrogressive 
Integral-Slot. Progressive-Retrogressive 
Unbalanced Fractional-Slot 

Unbalanced Fractional-Slot 






Integral-Slot. Retrogressive 

Integral-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 

Balanced Fractional-Slot 

(Integral + 1/2)-Slot. Retrogressive 

(Integral + 1/2)-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 

Integral-Slot. Retrogressive 

Integral-Slot. Progressive-Retrogressive 
(Integral + 1/2)-Slot. Retrogressive 

(Integral + 1/2)-Slot. Progressive-Retrogressive 
Integral-Slot. Retrogressive 

Integral-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 
Balanced Fractional-Slot 



















Integral-Slot. Retrogressive 

Integral-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 

Belanced Fractional-Slot 

(Integral + eae Retrogressive 

(Integral + 1/2)-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 

Integral-Slot. Retrogressive 

Integral-Slot. Progressive-Retrogressive 
(Integral + 1/2)Slot. Retrogressive 

(Integral + 1/2)-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 

Balznced Fractional-Slot 

















Unbalanced Fractional-Slot 
Unbalanced Fractional-Slot 
Integral-Slot. Retrogressive 
Integral-Slot. Progressive-Retrogressive 
Unbalanced Fractional-Slot 
Unbalanced Fractional-Slot 
Unbalanced Fractional-Slot 
Unbalanced Fractional-Slot 
oteeeal + Woy cise Retrogressive 
Integral + 1/2)-Slot. Progressive-Retrogressive 
Unbalanced Fractional-Slot 
Unbalanced Fractional-Slot 
Unbalanced Fractional-Slot 
Unbalanced Fractional-Slot 
Integral-Slot. Retrogressive 
Integral-Slot. Progressive-Retrogressive 
Vaceeeat + 1/2)-Slot. Retrogressive 
Integral + 1/2)-Slot. Progressive-Retrogressive 










Integral-Slot. Retrogressive 
Integral-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 
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INDEX FOR 3-PHASE WORKING DIAGRAMS FOR WAVE WINDINGS 


NO. Boe are TYPE OF CONNECTION 


150 | (Integral + 1/2)-Slot. Retrogressive 
(Integral + 1/2)-Slot. Progressive-Retrogressive| 6-105 
Gate 












Balanced Fractional-Slot 7-2 
Integral-Slot. Retrogressive 

Integral-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 
Balanced Fractional-Slot 


Belanced Fractional-Slot 
Integral Slot. Retrogressive 
Integral Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 

(Integral + 1/7?)-Slot. Retrogressive 

(Integral + 1/2)-Slot. Progressive-Retrogressive 
Integral-Slot. Retrogressive 

Integral-Slot. Progressive-Retrogressive 
Balanced Fractional-Slot 




























Integral-Slot. Retrogressive 
Integral-Slot. Progressive-Retrogressive 

Balanced Fractional-Slot 

pinteetes + 1/2)-Slot. Retrogressive 
Integral + 1/2)-Slot. Progressive-Retrogressive 

Balanced Fractional-Slot 

Integral-Slot. Retrogressive 

Integral-Slot. Progressive-Retrogressive 

Unbalanced Fractional-Slot 









132 Balanced Fractional-Slot 
144 | Bulanced Fractional-Slot 
16@ | Balanced Fractional-Slot 
336 | Balanced Fractional-Slot 







Balanced Fractional-Slot 
Balanced Fractional-Slot 
Balanced Fractional-Slot 






INDEX TO SINGLE-PHASE CONNECTION DIAGRAMS 


peo OF CONNECTION FIGURE 
AUXILIARY WINDING 


ee wnne Series 11- 11 
2-Parallel Series 11-12 


















Series Series 11-13] 652 
2-Parallel Series 11-14] 652 
2-Parallel 2-Parallel 11-15} 653 

























Q 
os 


Series Series 11-16] 653 
2-Parallel Series 11-17} 654 
2-Parallel 2-Parallel 11-18] 654 

















Series Series 11-19] 655 
2-Parallel Series 11-20; 655 
2-Parallel 2-Parallel 11-21] 656 






Series Series 11-22] 656 
10 2-Parallel Series 11-23, 657 
2-Parallel 2-Parallel 11-24] 657 
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INDEX TO SINGLE-PHASE CONNECTION DIAGRAMS 


0. 
roe 
[| 2 Speeds with Tapped Winding. Comected 
[6 | 2 specs witn tarred Winding. L~ Connected 












INDEX FOR SINGLE-PHASE WIRING AND LINE CONNECTION DIAGRAMS 


a DESCRIPTION 












11-27 Wiring Diagram for plain reversible split-phase motor 
with 4 leads. 
11-28 Line Connection Diagram for Figure 11-27. 


11-29 Wiring Diagram of a non-reversible reactor start, 
split-phase motor with 2 leads. 
11-30 Wtring Diagram of a reversible capacitor - start 
motor with 4 leads. 
1l1-3la Wiring Diagram of a reversible 2-value capacitor 
motor with transformer unit. 


11-31b Wiring Diagram of a reversible 2-value capacitor 
motor with 2 capacitors. 












11-32a Wiring Diagram of a non reversible dual voltage, 
split-phase motor. 


11-32b Line Connection Diagram to Figure 11-32a. 636 | 
11-34 Wiring and Line Connection Diagram for a 2 speed, 

2 winding, split-phase motor. 
11-35 Schematic L - Connection of the 3 Windings of a 2 

speed motor. . 


11-36 Schematic T - Connection of the 3 Windings of a 2 
speed motor. 


11-38 Wiring and Line Connection Diagram to Figure 11-37. 
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INDEX OF TABLES 


a, the Value of, for Various Values 
of the Fraction of spp _ and 
Winding Pitch, Table for the 
Determination of, 564 


Clearances, Mechanical, 47 
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tional-slot winding a = + 2 and 
a-w- 2, 418, 426 
Comparison of retrogressive connec- 
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207, 
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L-Connection, 642, 647 
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Leads, arrangement of, 22 
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Left-hand coils, 
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Long jumper, 58, 65 
Long jumper ,connection, 53 
use of, 54 
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one short-pitch connection, 


Long throw connection, 629 
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271, 509, 514 
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601 
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of a winding, 279, 300 
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than 2, 695 

Number of poles, 1, 11 

Number of pole-phase groups, 3 
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winding part, 403 

Numbering of pole-phase groups, 51 
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Output constant, 606 
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Parallel circuits, changing the 
number of, 592 
number of, when less than number 
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long jumpers, 210 
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short jumper, 210 
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2. 65, 209, 210, 213, 235,237, 
239, 244, 670, 682, 690 
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307, 317, 405, 417, 512, 517, 
526, 695, 697 
Parallel connection, types of, for 
3-phase windings, 64 
Parallel paths, 2 or more, for the 
balanced fractional-slot wave 
winding, 433 
Parasitic currents, 19 
Pitch factors, single phase wind- 
ings, 723 
3-phase windings, 719 


when using 
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Polarity of a coil side, 406 
of the ends of winding parts, 406, 


gaat 415, 420, 425, 428, 432, 
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405, 412, 415, 420, 425" 428, 
432, 524 

Pole-phase groups, 3 

designation of, 51, 63 

numbering of, 51 

sequence of, 215, 217, 219, 233, 
235, 247, 676, 680 

split, 235 


total number of, 3 
Pole pitch, 3 
Poles, changing the number of, 565 
number of, 1, 11 
Power output, 590 
Progressive connection, 267, 272 
Progressive-retrogressive | connec- 
tion, 266, 270, 275 
comparison with progressive, 273, 


Pulled coils, cross-over, 17 


Reconnecting a capacitor start rotor 
for different voltage, 646 
a permanent split and a 2-value 
aeee motor for different 
voltage, 647 
a winding from delta to star, 591 
a winding from star to delta, 591 
an old winding, factors to con 
sider when, 589 
for another frequency, 594 
for another number of phases, 602 
for another speed, 598 
for another voltage, 590 
a split-phase motor for different 
voltage, 645 
Reference points for working dia- 
grams, 298, 299, 398 
Repeatable distribution parts, num 
ber of, 211, 212 
Repeatable anak parts, number 
of, 211, 402, 670, 692 
Repeatable oo parts, number 
of slots, in, 3 
Retrogressive connection, compari- 
son with aaa a 
sive, 273, 277 
Retrogressive (SP) connection, using 
left-hand coils, 268 
using right hand coils, 272 
Reversible motors, 630 
Reversing jumper, 266 
Reversing split-phase motors, 644 
Rewinding a capacitor-start soto 
for different voltage, 646 
a permanent-split and a 2-value 
capacitor motor for differest 
voltage 
a split-phase motor for differest 
voltage, 645 
an old core, 606 
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Rewinding for different break-down 
torque at same voltage, 648 


for different frequency, split- 
phase motor only, 649 
Rewinding materials, guide for 


stator, 48 
Right-hand coils, 266 
Rotation,direction for single-phase 
motors, 632 
predetermining direction for split- 
phase motor, 
ne aneaeee single phase smotors, 


Scott, or T-connection, 603 
Second chording, 688 
Semi-closed slot, 5 


Sequence of pole-phase ups, 215, 
Ae 219, 233, 235, 247, 676, 


Series of coils, 264 

Shifting repeatable parts, 688 
Short circuits, 659 

Short jumper, 58, 65 

Short- jumper connection, 53 
Short pitch, 266 

Short-pitch connection, 268 
Short-throw connection, 629 


Shorter front pitches, number of, 
270, 275 
Seg auxiliary windings, 


intermediate windings, 639 
main windings, 639 
2-speed windings, 619 
Slot chart, 246 
Slot insulation, 32 
Slot pitches, 265 
Slot shapes for squirrel cage wind- 
ings, 37, 39 
Slot shapes for stators and rotors, 


Slot star, 670 

Slots per pole per phase, 2 

Speed, reconnecting for another ,598 
Split pole-phase groups, 235 


Spp, 2 
checking for wave winding, 294 
Star connection, 69, 306 
Star connection of the phases, 306 
St Rr omecrres from, to delta, 
1 


Strand, definition, 1 

insulation, 25— 
Stranding of rectangular conduc- 

tors, 19, ; 

Stub-connection insulation, 29 
Support insulation 
Swing connection, 632, 646, 647 
Synchronous speed, 2 


T 


T-connection, 642, 648 
T- or Scott connection, 603 
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Terminal markings, 
windings, 626 

3~phase lap windings, 57, 64 

Tie rings, insulation, 29 

Top coil side, 22 

ea eae connection, 

soe tO tok connection, 16, 53 

Torque, 590 


single-phase 


15, 53, 


a aaa for 2-speed windings, 
locking, 601 
eo for 2-speed windings, 


ee chart for induction motors, 


Turn, definition,of, 1 


Turns, per phase, 18, 589, 597 


Two-speed motors, 565, 637, 639 
Two-speed ee ee for constant 
horsepower, 567 


constant torque, 567 
variable torque, 567 
Types eingte ance motors, defini- 
tion of, 
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Unbalance, kinds of, 232, 701 
Magnetic, 70 
Magnitude of, 529, 711 
Permissible degree of, 248 
Unbalanced fractional-slot lap wind- 
ings, 232, 238, 241, 701, 704 
Unbalanced fractional-slot wave 
windings, 502, 707, 709 
Upper conductors, 264 


V 


Vibration, 629 
seer aea” reconnection for another, 
5 


Volts per turn, 17 


W 
Wedges dimensions for wound rotors, 


shapes, 36 
Winding, brick, 20 

chain, 5, 6 

chorded, 4 

distributed, 5, 6 

doubly chorded, 689 

flat diamond 8, 12, 13 

fractional pitch, 4 

full pitch, 4 

hand, 613 

round end, 7, 12, 13 

na layer, 5 

skein, 7, 615 

spread diamond 

mould, 6, 12 

2-layer, 3, 


8, 12, 14, 15 
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Winding, 2 speeds with one, 565 Windings, wave, 9, 10, ll 
2-zone, 719 wave, with more than 2 conduc- 
3-zone, 565, 596, 719 tors per slot, 301, 317 
6 zone, 565, 596, 719 2 speeds with two, 567 
Winding parts, starts and ends,292, 3 speeds with two, 570 
405, , 417, 430, 509, 514, 4 speeds with two, 570 
519, 521 Wiring diagram, 632 
Winding pitch, 265, 402, 506, 691 Working diagram, general, balanced 
even, 402 fractional-slot wave windings, 
odd, 402 400 
of balanced fractional-slot wave general, progressive-retrogres- 
windings, 401, 406 sive windings, 299 
of unbalanced fractional-slot wave general, retrogressive windings, 
windings, 506 298 
series, 403, 507 general, unbalanced fractional- 
Windings, balanced fractional-slot, slot wave windings, S05 
lap, 9, 10, 11, 207, 212, 670, reference points for, 289, 299, 
683 398, 400, 505 
balanced fractional-slot, wave, use of, 285 
264, 396 691 Working diagrams, 285, 398, S05 
integral-slot, 9, 10, 264, 307 development of, 279 
interlaced, 405, 567, 570 Wrong connections, 661 
squirrel,cage, kinds of, 37 Wrong number of poles, 664 
2-layer, 5 Wrong voltage, 663 
2-phase, 1 Wye connection, 69, 306 
3-phase, 1 
unbalanced fractional-slot, lap, © 
232, 238, 241, 701, 704 Y 
unbalanced fractional-slot, wave, 
502, 707, 709 y - series, 511, 691 
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